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ABSTRACT 
Requirements play a critical role in the design process.  The broader impact of 
this research is to develop a systematic understanding of the current use of requirements 
with an ultimate goal to develop guidelines and recommendations for more effective use 
of requirements throughout the design process.  Thus, this research begins to answer the 
question about what is the role of requirements in design process and, specifically, its role 
in idea generation?  The answer to this question is explored in three phases.  
The first phase is to understand how requirements are currently taught to students.  
To that end, two surveys were conducted.  First, a review of ten design textbooks was 
conducted as an initial surrogate for understanding what is formally taught.  This was 
done to understand the use of requirements within the design tools mentioned in the 
textbooks.  Supplementing this, interviews of faculty involved in teaching design courses 
was conducted with faculty from mechanical engineering, industrial engineering, 
bioengineering, and materials science and engineering.  While the interviews suggest that 
the use of requirements is distributed throughout the design process, in agreement with 
common practice, the instruction provided students, based on the survey of textbooks, 
focuses on requirements tools found exclusively in the conceptual design phase.  Thus, a 
significant gap is identified in terms of lack of sufficient tools explaining the use of 
requirements.  
In order to understand the consequences of lack of tools and to develop a deeper 
understanding of how students are applying the requirements education imparted to them, 
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a case study analysis was conducted with senior mechanical engineering design students 
in a capstone course.  Data was collected from four teams working in parallel on the same 
design project in form of requirements documents from initial weeks and the final report 
deliverable.  The findings from this study reveal that there is lack of uniformity in how 
students elicit requirements in the initial weeks of the project.  The completeness and 
specificity of requirements increase from the initial weeks to the final week, as expected, 
as the students develop a better understanding of the problem.  However, in terms of 
addressing the requirements, more requirements with one adjunct or numerical value, and 
thus low specificity, were addressed.  Further, it was found that the requirements 
documents of novice designers (students) change in multiple ways.  Currently, the 
students do not have tools or methods in place that would allow them to systematically 
manage the changes in requirements document.  
Finally, as a deeper dive into how requirements can impact a specific design 
activity, an empirical designer study was conducted to explore the impact of requirements 
elicitation in idea generation.  The study was conducted, again, with senior mechanical 
engineering students at Clemson University.  The findings from the experimental study 
suggest that the students elicit more non-functional requirements compared to functional 
requirements.  However, the ratio of the number of non-functional to functional 
requirements decreases when considering only the requirements addressed during 
ideation.  Further, comparing the requirements addressed in the solutions generated by 
the students, it is found that the group that was not primed with the task of eliciting 
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requirements performed better in terms of addressing requirements when compared to 
other two groups.  
Ultimately, the findings from these studies are used to make several 
recommendations that will allow the students to systematically use the requirements at 
various design stages and enhance their current use of requirements.  This dissertation 
presents both broad and focused research evidence with respect to the role that 
requirements play in engineering design based on student experiences.  This does not 
imply that professionals behave in a similar manner.  However, as the understanding of 
requirements in the education of the students is further developed, this can have a 
significant, albeit indirect, impact of the practice in industry as the students graduate. 
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CHAPTER ONE: MOTIVATION FOR RESEARCHING REQUIREMENTS IN 
IDEATION 
In a systematic design process, the problem definition is followed by requirements 
elicitation [1]. Success or failure of design is determined based on whether the 
requirements are met or not, thus requirements play a critical role throughout the design 
process. Further, requirements greatly influence activities such as generation, testing and 
validation of design concepts [2, 3]. Although the importance of requirements is widely 
recognized, major failures result due to incomplete or inadequate requirements [4, 5]. 
Research also reveals that requirements that are ignored throughout the design process 
are the ones that remain unsatisfied [6].  
Thus, the importance of requirements is highly recognized and researchers are 
investigating to improve various aspects of requirements. Further, two broad aspects are 
investigated:  1) requirements as a statement and 2) requirements as a document. Apart 
from these two broad aspects, researchers are also investigating the reasoning aspect of 
requirement which essentially looks at what to ‘do’ with requirements. Section 1.1 
discusses the overview of requirements research.  
1.1 Requirements Overview 
This section provides the overview of requirements research. First, section 1.1.1 
describes the various definitions of requirements as found in literature. Then, section 
1.1.2 discusses the current research areas within requirements and finally section 1.1.3 
describes the overview of requirements research within Clemson Engineering Design 
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Application and Research (CEDAR) lab. This ultimately leads to the motivation for this 
dissertation. 
1.1.1 What are Requirements? 
Requirements are defined as statements describing the goals that must be satisfied 
by the final design solution [1]. Essentially, the requirements include descriptions of the 
functions that a solution must perform and the characteristics or properties that a solution 
must possess [1, 7]. Thus, requirements represent the needs of a customer that must be 
fulfilled by the solution [8, 9]. Requirements are often classified as constraints and 
criteria [1]. While the constraints are the requirements that ‘must’ be fulfilled by the final 
solution, criteria are used for selecting a solution among various alternative design 
solutions [1, 10, 11, 12]. As another perspective, requirements are also classified as 
functional and non-functional. A functional requirement indicates what the system must 
‘do’ and a non-functional requirement indicates the characteristics or properties that a 
system must possess [12, 13, 14].  
A requirements document is established at the beginning of the design process 
through the process of eliciting requirements [5, 15]. This document is maintained and 
updated throughout the design process [1]. Requirements not only serve as input for 
generating conceptual ideas for a given design problem at the beginning of the design 
process but are also used for validation and testing the concepts at the end of the design 
process [7]. Thus, requirements play a critical role throughout the design process.  
Next, Section 1.1.2 provides an overview of the various aspects of requirements 
that are currently researched.  
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1.1.2 Summary of current requirements research 
As previously mentioned, the requirements research can be broadly classified into 
two aspects 1) studying requirements as ‘statements’ and 2) studying requirements as 
‘documents’.  
It is evident from literature that requirements play a critical role from the 
beginning to the end of design process. Successful completion of the project results from 
fulfilling the requirements established at the beginning of the project [16]. Requirements 
are often expressed in natural language sentences [17]. It is therefore necessary to ensure 
that the requirements are correctly written to mitigate ambiguities associated with 
incorrect or incomplete requirements [17]. This leads to motivating the research 
associated with a requirement as a ‘statement’.  
Moreover, writing ‘good’ requirements is a major area of investigation [17, 18]. A 
‘good’ requirement is a statement that is necessary, verifiable, and attainable [18]. Thus, 
within a requirement document, if a statement is not necessary, cannot be tested, or met 
within the limitations of time and budget, then it is not a ‘good’ requirement.   
Further, it is necessary that a requirement be of ‘good quality’. While the quality 
of requirements is little explored within mechanical engineering domain, various quality 
attributes of requirements are established in literature pertaining to software engineering. 
Thus, a ‘good quality’ requirement is the one that is complete, consistent, correct, 
modifiable, ranked, testable, traceable, unambiguous, validatable, and verifiable [19, 20].  
Writing a ‘good’ requirement is explored from linguistic perspective by mapping 
the components of a natural language sentence to the components of a requirements 
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sentence. “Completeness” of requirements is thus measured in terms of missing 
components within a requirement statement [17]. Further, linguistic semantics are also 
applied to improve the computational understanding of requirements statements [21]. 
Establishing the classification of a requirement statement into functional and non-
functional is another area of investigating requirement as a statement. It is necessary to 
establish this classification as it relates to the level of detail within a requirement 
statement [12].  Functional requirements are the requirements that describe what a system 
must ‘do’ [13, 14]. On the other hand, the non-functional requirements describe the 
characteristics that a system must possess [13, 14]. Further, the non-functional 
requirements are typically derived from functional requirements [12]. Again, within 
mechanical engineering domain, efforts have been made to establish this classification 
based on the linguistic analysis of the requirement [17]. Thus, linguistically, a 
requirement sentence having the main verb as transitive or intransitive is defined as a 
functional requirement and the requirement sentence having the main verb as a linking 
verb is non-functional requirement [17].  
The second important aspect of requirements research is found in investigating 
issues associated with requirements as a document. As previously mentioned, the 
requirements document is generated at the start of the design project when requirements 
are elicited. The document evolves throughout the design process as new information is 
added to it [22]. Thus, it is important to have tools and methods that would help to 
manage the requirement document, specifically addressing the changes. If the changes 
within the requirements document are not properly managed, they could pose a difficult 
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and costly problem [23, 24].  Further, to ensure that valuable information within a 
requirement document is not lost, it is necessary to have tools and methods that allow 
tracing and managing the changes within requirement documents.  Within mechanical 
engineering domain, efforts have been made to develop tools that would allow predicting 
requirements change [16].  
From the literature, it is evident that requirements play a critical role within 
design process and this necessitates researching various aspects of requirements to 
improve the quality of requirements and manage requirement documents. This will then 
aid in fulfilling the requirements leading to successful project outcomes. Next Section 
1.1.3 provides an overview of requirements research within Clemson Engineering Design 
Application and Research (CEDAR) lab.  
1.1.3 Requirements Research in CEDAR 
Researchers within CEDAR lab at Clemson University have made significant 
contributions to the various aspects of requirements research. Figure 1-1 illustrates the 
overview of requirements research conducted within CEDAR lab at Clemson. Different 
aspects of requirements researched within CEDAR include research pertaining to 
requirement statement, requirements document and requirements reasoning.  
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Figure 1-1 Requirements research at CEDAR 
Efforts have been made to measure the ‘quality’ of requirement through linguistic 
analysis of requirements [17]. Linguistic analysis is also used for improving 
computational understanding of requirements by identifying and forming semantic 
relationships between requirement statements [21]. Further, researchers within CEDAR 
have developed tools for predicting requirements change [16] and reducing the changes 
due to change propagation effects [25]. Finally, requirements analysis is used as a method 
for mass reduction in solutions [26, 27] 
Thus, section 1.1 provides an overview of various areas of investigation within 
requirements. While the researchers are investigating tools and methods to improve the 
quality of requirements and managing requirements documents, noticeable gaps exist in 
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current literature with respect to understanding how designers use requirements after 
elicitation. Figure 1-2 illustrates the motivation for researching requirements in 
conceptual design.  
 
 
Figure 1-2  Motivation for researching requirements in conceptual design 
As shown in Figure 1-2, for a novice designer, the design education imparted in 
the classroom serves as knowledge input. This knowledge input gained through 
classroom learning and design textbooks is critical because novice designers do not have 
much real world experience and thus rely heavily on what they learn in the classroom. 
Therefore, it becomes necessary to investigate what is currently taught to students in 
terms of various aspects of requirements.  
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When faced with a challenge in form of a design problem, the novice designers 
rely on the design process taught in the classroom to develop a potential solution. 
Applying the various stages of design process, the novice designers develop solutions for 
a given problem. In order to ensure that the students are correctly applying the process, it 
then becomes necessary to investigate how novice designers are currently using 
requirements. Finally, to facilitate the development of better solutions it becomes 
necessary to investigate how students can use requirements in conceptual design.  
It is important to understand the role that requirements play at each stage in the 
design process if educators are to help train effective designers.  This knowledge is 
critical for novice designers, especially graduating engineering students, as they do not 
possess past experiences on which to rely.  A preliminary study was conducted to explore 
and understand how requirements are currently taught to novice designers, with specific 
emphasis on their use within the design process, as evidenced through typical 
undergraduate engineering design textbooks in mechanical engineering in the USA.  The 
findings suggest that, though most design tools in the textbooks mention the use of 
requirements either explicitly or implicitly, they lack the rigor in describing the specific 
details such as type and number of requirements and requirements selection strategy that 
should be used.   
Further, the importance of eliciting, documenting and validating requirements has 
been realized and researched [28, 29] but little research exists in the area of 
understanding the specific roles that requirements play at various stages after they are 
elicited.  To that end, this research begins to answer the overall question – what is the 
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role of requirements in conceptual design, specifically idea generation?  In order to 
investigate the role of requirements in conceptual design, three questions are investigated 
through this research: 
• RQ1 What are we teaching? 
• RQ2 How are students using requirements? 
• RQ3 What impact do requirements have on outcomes? 
The answers to these questions will begin to address overall objective of this 
research - to provide systematic guidelines for design instructors and practicing designers 
for using requirements in conceptual design.  
1.2 Dissertation Scope Resolution 
The scope of this research is limited to generative design problems. The stages of 
interest include primary task clarification and conceptual design, though embodiment and 
detailed design are found in the case study. Further, the requirements are mostly centered 
on constraints. However, they may also be “soft” constraints that are generally used for 
comparison of different alternative solutions as if they were criteria. The scope is limited 
to senior students/novices who will be practicing engineering within six months of study. 
This study is not explicitly focused on practicing engineers.  
1.3 Dissertation Roadmap 
This section discusses the overview of the dissertation. This dissertation is 
organized in six chapters. Chapter Two discusses the research questions, justification for 
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investigating each research questions and summary of findings from each research 
question. Chapter Three discusses the details of RQ1-what are we teaching? It describes 
the protocols for survey of design textbooks and survey of faculty. The findings from 
both the surveys are then summarized to identify critical gaps within requirements 
education. Chapter Four discusses the details of RQ2-how are students using 
requirements? To investigate RQ2, a case study was conducted with senior design 
students at Clemson University.  Chapter Four describes the details of the case study such 
as design problem, data collection method, and data analysis protocols.  The findings of 
case study to understand how students are currently using requirements are then 
explained followed by the limitations of case study. Chapter Five discusses the details of 
RQ3-What role can requirements play in idea generation? To that end, a designer study 
was conducted with senior design students at Clemson University. Chapter Five describes 
the specific details of designer study such as design problem, description of participants, 
execution procedure, data collection method and protocols for analyzing the collected 
data.  The summary of findings for RQ3 is then discussed in this chapter. Chapter Six 
discusses the conclusions of this dissertation along with the intellectual merit and broader 
impact of this research. Finally the future directions of this research are discussed.  
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CHAPTER TWO: SUMMARY OF RESEARCH QUESTIONS AND FINDINGS 
The goal of this proposed research is to understand the current state of use of 
requirements in conceptual design, specifically as taught and practiced in mechanical 
engineering design education.  After understanding the current state and identifying the 
gaps in teaching and application, the ultimate goal is to be able to provide systematic 
guidelines to instructors and designers for using requirements within idea generation. 
Figure 2-1 illustrates the overview of proposed research.  
 
 
 
 
 
 
Figure 2-1  Overview of Research  
The overall research objective to understand the current state of requirements use 
and providing requirements guidelines for idea generation was realized by answering 
three broad research questions.  Four specific tasks are defined to answer these research 
questions.  Table 2-1 illustrates the research questions and the related tasks.  
 
 
Ultimate Goal – Provide systematic guidelines for using requirements 
within idea generation 
RQ1 - How are students currently taught to use requirements? 
RQ2- How are students currently using requirements? 
RQ3- What is the influence of requirements 
elicitation on idea generation and to what extent 
are students using requirements in idea 
generation? 
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Table 2-1 Research Questions and Tasks  
Research 
Questions Research Sub-questions Tasks 
RQ1-How are 
students 
currently taught 
to use 
requirements? 
RQ1.1 How do the design-tools taught at 
different phases of design process in 
engineering design courses use 
requirements? 
Task-1A: Survey 
of design 
textbooks 
 
Task-1B:  
Survey/Interview 
of faculty 
RQ1.2 How is the use of requirements 
within design tools explained and described 
in the textbook? 
RQ1.3 What 'requirements related activities' 
are performed by the students as evident 
from surveying faculty? 
RQ2-How are 
the students 
currently using 
requirements? 
RQ2.1 What is the influence of change in 
number of requirements elicited by 
individual teams and those provided by the 
sponsor on level of detail of final solution? 
Task-2 Case 
Study with ME-
402  
RQ2.2 What is the completeness and 
specificity of requirements in initial week 
and final week?  
RQ2.3   What is the specificity of 
requirements met in the final solution? 
RQ2.4 What is the evolution of 
requirements as evident from requirements 
tracing? 
RQ3 – What 
impact do 
requirements 
have on 
outcome? 
RQ3.1 When assigned the task of eliciting 
requirements, what types of requirements 
are elicited by novice designers? 
Task-3 Designer 
Study 
RQ3.2 Does the involvement of designer in 
the task of elicitation impact the number of 
requirements addressed by them? How does 
this compare to providing them with a list 
of requirements? 
RQ3.4 Does having a list of requirements 
cause fixation when addressing more 
requirements? 
Three major activities were conducted to address this overall goal. First, a review 
was conducted to understand how requirements education is currently imparted to 
students.  This included surveying the design tools discussed in mechanical engineering 
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design textbooks and surveying faculty actively involved in teaching design in the 
undergraduate curriculum.  This review will help to identify critical gaps in current 
requirements education.   
The next step was to conduct a case study on a senior design project at Clemson 
University to investigate the shared understanding of requirements across design teams 
working on the same design project.  This case study will also serve as a validation of 
whether or not there is uniformity in application of the requirements education imparted 
to students.   
Finally, a designer study was conducted to understand the influence of 
requirements elicitation activity on the idea generation process. The goal of this study 
was to identify the difference in the extent of requirements addressed between the 
designers who elicit the requirements and those who are provided with requirements list 
beforehand.  The detailed justifications for the research questions, the related tasks to 
answer these questions and the summary of the findings for each are discussed in 
Sections 2.1, 2.2 and 2.3.  
2.1 RQ1:  What is Currently Taught? 
RQ1 aims at exploring what is currently taught to students in terms of 
requirements education.  The justification for exploring this question is discussed in 
section 2.1.1.  Section 2.1.2 describes the tasks for answering RQ1 and finally section 
2.1.3 discusses the summary of findings for RQ1.  
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2.1.1 RQ1: Justification  
Requirements education is meant to prepare students to use requirements in 
design practice.  An adequate understanding of requirements and various activities 
associated with requirements such as elicitation, documentation, and use throughout the 
design process is necessary to prepare the students for real world situations.  Further, the 
ability to be able to design products that meet customer needs has also been identified by 
ABET as an important criterion for graduating engineers [30].  Capstone design courses 
play a major role in providing real world experience to graduating seniors [31]. These 
courses provide the students with opportunities to practice the classroom learning by 
executing a real world problem. The type of instruction provided to the students during 
the capstone course varies from few lectures at the beginning and project execution for 
the remainder of the semester to intermediate lectures throughout the semester [32]. Of 
the various design related tools and methods taught to the students during the capstone 
design course, teaching them aspects related to requirements play a major role [29, 33] as 
understanding the problem at hand is the first step to successful design [34, 35].  Thus, it 
becomes necessary to investigate whether or not the goal of teaching requirements is 
adequately met through current requirements education.  To that end, RQ1 aims at 
understanding how requirements are currently taught to the students. Further, use of 
design textbooks and classroom learning are two important knowledge inputs for 
students. Thus, in order to investigate how requirements are currently taught to the 
students both these inputs are explored. The details of the tasks for answering RQ1 are 
further explored in section 2.1.2.  
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Further, it may be noted that the surveys of textbooks and faculty were conducted 
with the main purpose of identifying the gaps in teaching of requirements. Thus, this is 
not an education centric study with focus on details of instruction methods. Rather, the 
goal of this study is to obtain general understanding of what types of material are taught 
with respect to requirements.  
2.1.2 RQ1:  Tasks 
In order to understand how requirements are currently taught to students, two 
tasks were conducted:  Task-1A – Survey of design textbooks and Task-1B – 
Survey/Interview of faculty specifically instructing design related courses.  This review 
provides both the motivation and the foundation for understanding requirements as taught 
in mechanical engineering curricula.  The first task provides a coarse overview of what is 
likely to be taught in the design preparation courses through the lenses of the textbooks 
that have been explicitly developed for this purpose.  The primary focus was on 
surveying the design textbooks, specifically focusing on how different design tools used 
within the textbook incorporate requirements.  It may be noted that textbooks are used 
initially as surrogates for classroom teaching.   
The second task delves deeper into exactly how the topic of requirements in 
design is addressed in the classroom.  This was done through a survey of faculty teaching 
design related courses.  The survey was designed to gather information about the 
requirements related activities and tools that students are anticipated to use throughout 
the design process.  
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The findings from both these surveys are used to identify critical gaps within 
requirements education.  While the details of the execution of the tasks and findings are 
discussed in Chapter Three, section 2.1.3 provides a summary of findings for RQ1.   
2.1.3 Summary of findings for RQ1 
RQ1 aims at investigating what is currently taught to students in terms of 
requirements education. A survey of design textbooks and survey of faculty involved in 
teaching design was conducted as surrogate for classroom teaching.  
First, a survey of ten design textbooks was conducted to investigate the tools 
using requirements. Then, how each of these textbooks describes the use of requirements 
within various design tools was investigated. The findings from this survey indicate that 
while most design textbooks identify the importance of requirements, they lack the 
discussion on what to do with requirements after they are elicited. Further, there are 
ambiguities related to how to use requirements within design tools.  Most design 
textbooks fail to mention the details such as number of requirements, type of 
requirements, strategies for selecting requirements for use in particular design tool. Thus, 
it is left to the discretion of the user to make these decisions.  
The findings from the faculty interviews and surveys reveal that requirements 
related activities are performed throughout the execution of the design project. From the 
survey of the design textbooks, it is evident that maximum numbers of tools mentioning 
the use of requirements are found in the conceptual design phase. There are fewer tools 
mentioning the use of requirements in other phases of the design process.  Thus there is a 
significant gap in terms of lack of sufficient tools that would allow the students to use the 
 17 
elicited requirements throughout the design process. Next, section 2.2 discusses the 
justification, tasks and findings for RQ2.  
2.2 RQ2: How are students using requirements? 
After investigating what is taught to students in terms of requirements education, 
the goal of RQ2 is to explore how students are apply the requirements education imparted 
to them and thus identify the gaps within the application of requirements. First, section 
2.1.1 discusses the justification for exploring RQ2. Then, section 2.1.2 describes the task 
conducted to answer RQ 2 and finally section 2.1.3 provides a summary of findings for 
RQ2.  
2.2.1 RQ2: Justification  
After understanding how requirements are currently taught to students, it becomes 
necessary to investigate how students are applying the requirements education to real 
world design problems.  For novice engineers, who lack the necessary experience, 
classroom education plays a major role of providing with necessary information and 
training to execute real world design projects.  However, what is taught in classroom may 
not be conveyed in the manner that is desired and, thus, it is possible that graduating 
engineers do not have the necessary requirements education.  This can lead to serious 
problems when novice engineers are tasked to work on a real world design problem.  This 
leads to the necessity of investigating the application of requirements education by novice 
engineers and thus the second research question – how are students currently using 
requirements?   
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Further, four important aspects are considered to understand how students are 
currently using requirements. First, the ‘delta’, or change, in requirements between 
student teams and sponsor is mapped to the level of detail of final solution to investigate 
if missing the sponsor requirements or eliciting more than given requirements affects the 
level of detail in the final report. Second, the completeness and specificity of the elicited 
requirements is explored to identify if the students have the required tools and methods 
for eliciting requirements. Third, the specificity of requirements met in the final solution 
is investigated. This will help to identify the level of detail required for the requirements 
that are successfully met in the final solution. Finally, the evolution of requirements is 
investigated to explore the type of changes in the requirements document of novice 
designers.  
The findings for RQ2 are then compared with those from RQ1 to identify further 
gaps from a combined point of view of imparting and application of requirements 
education.  Next, section 2.2.2 provides an overview of the task completed to answer 
RQ2.  
2.2.2 RQ2: Tasks  
In order to answer RQ2, a case study was conducted with senior design student 
teams at Clemson University.  Case study is used as research method to investigate a 
phenomenon in real-life context, specifically to answer ‘how’ and ‘why’ type of research 
questions [36, 37, 38].  Further, the phenomena under investigation could either be 
contemporary or historical.  Some examples of use of case study as a research method in 
design can be found in [3, 39, 25, 40].  As previously mentioned, RQ2 aims at 
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investigating how students are currently using requirements. Further, the goal is also to 
compare the requirements elicitation across design teams working on same project and 
thus the study of a senior design project is appropriate to answer this question as there are 
multiple teams working on the same project [41, 42, 43, 44, 45].   
Each team is given an initial problem and a preliminary set of requirements from 
the sponsor in the first week of the semester.  After that, each team works individually to 
elicit new requirements and develop solution to address given design problem.  Thus, a 
case study with these design teams will help to compare –the requirements elicited by 
each team working on the same project.  This comparison will then help to understand 
whether or not student teams have similar understanding of the design problem and 
requirements elicitation.  A weekly requirements update sheet was created to collect the 
weekly requirements data from the teams. In addition to the weekly requirements update 
sheet, the final design reports generated by the students as a part of project deliverable 
will be used for this case study.  Further details of this case study (Task-2) are provided 
in Chapter Four. Section 2.2.3 provides a summary of findings from RQ2.  
2.2.3 Summary of findings for RQ2 
RQ2 aims at investigating how students are currently using requirements. In order 
answer RQ2, a case study was conducted with senior design students at Clemson 
University through the capstone project in their final semester.  
The findings from mapping the ‘delta’ in requirements to the level of detail of 
final solution reveals that a team with consistent delta has a high level of detail in the 
final solution, while the teams have either positive or negative delta results to a medium 
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level of detail in the final solution. A positive delta in requirements essentially means that 
the students have elicited more requirements than those provided by the sponsor. While 
this indicates a better understanding of the problem, if the requirements are elicited late in 
the design process, then the students may not have sufficient time to address them, thus 
resulting to a poor detail in the final solution.  
Next, the completeness and specificity of elicited requirements were explored. 
While completeness is measured by considering the linguistic components of 
requirements, specificity is measured as the level of detail in the requirements in terms of 
number of adjuncts and numerical values. The findings reveal that the teams have low 
completeness in initial week indicated by greater number of requirements missing either 
subject or modal. However, in the final week, the number of incomplete requirements 
decreases resulting to an increase in completeness of requirements.  The same is true for 
specificity; the teams have more requirements with zero or one adjunct or numerical 
values in initial weeks compared to final week. As no specific or formal feedback is 
provided to students in terms of completeness or specificity, the increase could result 
from general feedback or increase in the understanding of the problem at hand.  
Investigating the specificity of requirements met, it is found that the requirements 
with one adjuncts or numerical values will have a higher likelihood of being met in the 
final solution. Requirements that are too abstract (as indicated by either zero adjunct or 
zero numerical value) or too specific (as indicated by more than one adjunct or numerical 
value) pose difficult challenge and this will result to the failure in meeting them in the 
final solutions.  
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Finally, the requirements tracing study reveals that the requirement document of 
novice designer’s change and the change occurs in multiple ways. Currently, the students 
do not seem to have appropriate tools to trace and manage these changes. This could lead 
to loss of important information pertaining to requirements and thus jeopardize the 
successful completion of the project. Thus, it is recommended that students should be 
taught appropriate tools to manage the project requirements and trace the changes. 
Perhaps, the weekly requirements update sheet can serve as a starting point to that end. 
Next, section 2.3 discusses the justification, tasks and findings for RQ3.  
2.3 RQ3: What impact do requirements have on outcomes? 
The goal of RQ3 is to investigate what roles requirements can play in idea 
generation. Section 2.3.1 provides a justification for investigating RQ3. The details of the 
task are provided in section 2.3.2 and section 2.3.3 discusses summary of the findings 
from RQ3.  
2.3.1 RQ3: Justification  
After understanding the requirements elicitation and usage in teams, the final goal 
is to understand requirements elicitation and use by individual designers.  This leads to 
the third research question - What is the influence of requirements elicitation on idea 
generation and to what extent are the students using requirements in idea generation? 
To that end, three aspects will be investigated through a user study 1) what types 
of requirements are elicited by individual designers when assigned with the task of 
requirements elicitation for a given design problem, 2) difference between individual 
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designers in terms of addressing the requirements when provided with a list of 
requirements and when asked to elicit requirements, and 3) whether or not providing a 
list of requirements causes fixation while addressing requirements.  This investigation is 
necessary as the findings will indicate whether or not designer’s involvement in the 
process of requirements elicitation leads to a greater number of requirements addressed. 
If the findings from this study suggest that designers’ involvement in the process of 
eliciting requirements has a positive influence on addressing more requirements in the 
concepts, then this knowledge can be used to develop new guidelines for teaching the use 
of requirements in idea generation. Additionally, new tools can be developed that will 
help designers to be able to use requirements as input and generate concepts as output. 
This will specially benefit novice designers who do not have sufficient experience in the 
field. Next, section 2.3.2 describes the designer study conducted to answer RQ3.  
2.3.2 RQ3: Tasks 
In order to understand the use of requirements in idea generation, a designer study 
was conducted with senior design students.  The students were divided in three groups. 
While the students in all three groups were given the same design problem, one group 
was given ten requirements [10(no) group], one group was given five requirements 
[5(yes) group] and one group was not given any requirements [0(yes) group]. It may be 
noted that though the students were divided into groups based on experimental condition; 
they performed the task individually. The students of all three groups were asked to 
develop solutions to the given problem. In addition, the students given five and zero 
requirements were also asked to elicit more requirements before generating the solutions.  
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The data collection from the study entailed the requirements elicited by two 
groups and solutions generated by all three groups. The requirements elicited by the 
students were analyzed to investigate the type of requirements elicited and addressed.by 
them.  Design solutions generated were studied to evaluate the number of requirements 
addressed by the students.  While the details of this task are discussed in Chapter Five, 
section 2.3.3 provides summary of findings from RQ3.  
2.3.3 Summary of findings for RQ3 
RQ3 aimed at investigating the role of requirements in idea generation. To that 
end, a designer study was conducted with senior design students. Requirements elicited 
by the students and the sketches generated by the students were collected from this study 
and analyzed to answer RQ3.  
First, the requirements elicited by the students were analyzed to investigate the 
type of elicited requirements. To that end, the requirements elicited by the students were 
classified into functional and non-functional. The findings from this study reveal that 
more non-functional requirements were elicited by the students compared to functional 
requirements. This was true for both the groups tasked with eliciting the requirements 
[5(yes) and 0(yes)]. While more non-functional requirements were elicited compared to 
functional requirements, the ratio of the average number of non-functional to the average 
number of functional requirements addressed decreases indicating that students perform 
comparably while addressing the two types of requirements.  
Next, a comparison of the number of requirements addressed in the solutions 
between the three groups was made. First, the groups were compared for the number of 
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given requirements addressed. These include the requirements embedded in the problem 
statement and the requirements in the list given to the students of two groups. Then, a 
comparison of number of unique requirements addressed was made. The unique 
requirements were extracted by considering the union of given and elicited requirements.  
Further, two types of comparisons were made, first considering each sketch as a data 
point and second considering each student as a data point.  
The findings from comparing the number of given requirements addressed reveal 
that there is a significant difference in the number of given requirements addressed 
between the three groups when considering each solution as a data point. However, the 
difference is not statistically significant while considering each student as a data point. 
Further, on an average, maximum number of given requirements were addressed by the 
students of 10(no) group but this could result from the fact that the students of these 
groups were familiar with the given requirements. 5(yes) group addressed minimum 
number of given requirements on average.  
Comparing the groups for the number of unique requirements addressed, it was 
found that there is a significant difference in the number of unique requirements 
addressed between the three groups when considering each solution as a data point. 
Again, the difference is not statistically significant while considering each student as a 
data point. Similar to the given requirements, on average, maximum number of 
requirements were addressed by the students of 10(no) group, while 5(yes) group 
addressed the minimum number of requirements on an average.  
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Both these studies reveal that on an average the students who do not elicit any 
requirements performed better in terms of addressing the requirements in the solution. 
While the students of both the groups tasked with eliciting more requirements perform 
poorly in terms of addressing the requirements in the design solutions.  
This could stem from the fact that the students that were given the problem and 
list of requirements had a better understanding of problem at hand. The students tasked 
with eliciting requirements spent ten minutes further exploring the problem through 
requirements elicitation. They were limited to ten minutes for eliciting the requirements 
and at the end of this time, they may not have completed the exploration of the problem 
at hand resulting to poor understanding of the problem. This is then reflected, possibly, in 
fewer requirements fulfilled in the design solutions compared to the other groups.   
Next, the fixation while addressing requirements was investigated.  In order to do 
this comparison, the average ratios of number of requirements addressed to the number of 
requirements given were compared between the three groups. The findings suggest that 
0(yes) group had maximum ratio of number of requirements addressed to the number of 
requirements given. Thus, they perform better while addressing the given requirements 
which for 0(yes) group are the requirements embedded within the problem statement. 
However, comparing these findings to the average number of unique requirements, it is 
found that on average, 10(no) group has more unique requirements addressed compared 
to 0(yes) and 5(yes) groups and this difference is significant. This indicates that the 
students of 0(yes) group are fixated on addressing given requirements.  
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CHAPTER THREE: REQUIREMENTS-WHAT ARE WE TEACHING? 
3.1 Study Objective and Overview 
The goal of conducting a critical review of design textbooks and survey of faculty 
is to understand the current state of requirements education, specifically in mechanical 
engineering undergraduate curriculum.  
3.2 Requirements in Engineering Education 
Requirements play a critical role within any design process as the activity of 
identifying and maintaining a system’s requirements influences the success of a project 
[39].  Requirements are used at different stages within the design process after they are 
elicited as they support many subsequent activities [46].  For instance, requirements are 
needed for activities such as idea generation, concept evaluation, and concept selection.  
If asked, most undergraduate students will not recognize the importance of requirements 
throughout the design process; nor will they recognize the misuse of requirements as a 
major cause of project failure [22, 47].  Requirements, and how they are used, can have a 
significant effect on the success of a project, and the costs involved.  However, unlike 
expert designers, novices, such as recent engineering graduates, do not possess past 
experience to judge the use of requirements at various stages of design.  As a result, 
students rely heavily on their requirements education.  Specifically, this chapter will 
focus on requirements education through design courses in mechanical engineering. 
The process of capturing, analysing and tracking requirements throughout design, 
is of great significance [48], yet, there is minimal literature on teaching requirements 
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[49].  Students are typically taught different requirement activities over the duration of a 
project and are presented with a host of methods and techniques which they can use [33].  
These methods and techniques can be taught directly by the instructor or through 
supplemental resources such as a textbook.  Engineering design courses cover multiple 
design topics such as different approaches, methods, techniques, and tools while 
preparing students to complete a project.  Unfortunately, the activities relating to 
requirements, though central to any project’s success, often receive minimal attention 
[50].  Though most educators and professionals recognize the importance of 
requirements, it is difficult to prove the value of requirements to students [48]. 
Thus, it becomes necessary to explore following research questions:  
• RQ 1.1 - How do the design-tools taught at different phases of design process in 
engineering design courses use requirements?  
• RQ 1.2 - How are the use of requirements within design tools explained and 
described in textbooks? 
In order to answer these questions, design texts, which incorporate sections for 
teaching its readers how to use requirements, are investigated.  A survey of the 
engineering design textbooks is used as a surrogate for understanding the current best 
practices in teaching requirements.  Ten design textbooks [1, 9, 51, 52, 53, 54, 55, 56, 8, 
10] used in the undergraduate curriculum in mechanical engineering were identified and 
used for this survey.  It is assumed initially that these books are used in the classroom 
and, therefore, requirement related education can be extracted from the texts.  
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3.3 Design of the protocol  
A protocol is developed for each research question.  The protocols answer 
questions pertaining to the design tools and the use of requirements within.   
3.3.1 Understanding use of requirements in design process  
The first research question aims at identifying the design tools which use 
requirements as taught to the students in the various design phases.  A protocol is 
developed to classify where various design tools are used within the design process and 
identify those that make use of requirements.  A four design phase model of the design 
process is used here [1]:  (1) planning and clarifying the task, (2) conceptual design, (3) 
embodiment design, and (4) detailed design.  The tools discussed in each textbook are 
classified based on the design phases, detailed in Table 3-1, in which the tools are used. 
Table 3-1:Activities in Pahl and Beitz Design Process  
Design Phase Activities 
Planning and 
clarifying the 
task 
Forming design teams 
Generating product development plan 
Understanding design problem 
Developing customer requirements 
Assessing competition 
Generating engineering requirements 
Establishing engineering targets 
Conceptual 
Design  
Establishing function structures 
Searching for working principles and working structures 
Developing concept variants 
Evaluating the concepts against technical and economic criteria 
Embodiment 
Design 
Preliminary form design (includes prototypes) 
Performing design analysis 
Material and process selection 
Selecting best preliminary layout 
Refining and improving layouts 
Preparing preliminary parts list and production and assembly 
documents 
Detail Design 
Elaborate detail drawings and parts lists 
Complete production, assembly, transport and operating instructions 
Product documentation 
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The developed protocol is illustrated in Table 3-2.  The first column indicates the 
four design phases.  The second column in Table 3-2 notes the design tools used in each 
of the phases listed in column 1.  Each textbook uses slightly different definitions of their 
discussed design phases.  Thus, each design tool in the appropriate design phase with 
respect to defined four phase design process, rather than the phases that the original 
textbooks may have discussed.  The third column indicates the use of requirements, 
which is further classified as explicit, implicit, and not mentioned.  This classification 
further is explained below: 
• Explicit refers to when design tool explicitly mentions the use requirements. For 
instance, the description of for morphological chart in [54] mentions “usually 
expressed in…product requirements or functions,” and therefore it explicitly 
mentions the use of requirements.  
• Implicit refers to when design tools do not explicitly mention the use of 
requirement, but it can be interpreted from the description of the tool. For 
example the description of brainstorming in [1] mentions “before actual 
brainstorming session, the leader must outline the problem….” The description 
does not directly state using requirements for idea generation. However, a 
problem statement is essentially a high level requirement and thus it can be 
interpreted from the description that requirements are used to generate ideas in 
brainstorming. Therefore, the use of requirement in the tool is implicit.  
• Not mentioned refers to when the use of requirements is neither explicitly 
mentioned nor can it be interpreted from the description of the design tool. For 
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instance, fault tree analysis is a failure analysis tool which does not explicitly or 
implicitly mention using requirements to aid the analysis of failure.  
Table 3-2:  Use of requirements in design process 
Phase in the design process Design Tools Use of requirements 
Explicit/Implicit/Not mentioned 
Planning and clarifying task   
Conceptual Design   
Embodiment Design   
Detailed Design   
After developing the protocol, the design textbooks were read and thoroughly 
examined by at least two different examiners to ensure objective agreement. 
3.3.2 Protocol for how requirements are explained and described 
The second research question aims to understand how students are taught the use 
of requirements in the design tools which use requirements.  The protocol illustrated in 
Table 3-3 is used to answer this research question. The descriptions of the design tools 
that explicitly or implicitly mentioned requirements were examined in order to populate 
the data.  The first column in the protocol indicates the design tool under consideration. 
The remaining columns provide three different aspects that identify whether design tools, 
through its description in the design text book, address the use of requirements including: 
1) types of requirement, 2) number of requirements and 3) requirements selection 
strategy. Each of these is further explained in detail.  
Table 3-3 Aspects of teaching requirements 
Design 
tool 
Types of requirements used Number of 
requirements 
Requirements 
selection strategy 
Functional/ Nonfunctional/ 
Not mentioned 
Systematic/ 
Random 
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• Types of requirements: Whether or not the description of the tool indicates the 
types of requirement to be used as an input is captured in column 2 of the 
protocol. For the purpose of this study, the types of requirements under 
consideration are functional and non-functional.  Readers may consult [14] for 
details on the classification of functional and non-functional requirements. For 
example, the description of brainstorming in [9] mentions “A brainstorming 
session should be focussed on one specific function…” thereby indicates the use 
of functional requirement. Thus the entry for the column would be ‘functional’.  
Specifically, function requirements are those requirements which describe the 
system’s behaviour and performance while other requirements are considered 
non-functional [57, 58]. If the type of requirement to be used as input is not 
mentioned then the entry in the column would be ‘not mentioned’.  
• Number of requirements: The third column indicates whether or not the 
description of the tool mentions ‘how many’ requirements should be used for 
input. For instance, the description of brainstorming in [9] again states, “A 
brainstorming session should be focussed on one specific function…,” thereby 
indicating that ‘one’ functional requirement should be used for brainstorming. 
The entry in the column would therefore be ‘one’. However, if the description of 
the tool does not mention the number of requirements that should be used as an 
input then the entry in the column would be ‘not mentioned’ 
• Requirements selection strategy:  Whether or not the description of the tool 
mentions the strategy used while selecting the requirements is captured in the 
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fourth column of the protocol. The requirements selection strategy could either be 
systematic or random. Systematic refers to step by step instruction on how to 
select the requirements used as input, including the details about the type and 
number of requirements. If these instructions are not mentioned then the selection 
strategy is considered to be random. For instance, in describing the four-step 
approach to analogies as an idea generation tool [56], the author mentions, “1) 
state the need, 2) generate the analogies …,” but the specific details about how to 
select the ‘need’ such as whether the ‘need’ is overall need of the project or the 
need of the sub-system, are not mentioned.  In this case, the entry in the column 
would be ‘random’.  
3.4 Discussion 
Once the data for both protocols is populated, it is analysed to find patterns to 
answer the research questions. All observations found are detailed in the following sub-
sections.  
3.4.1 Findings on the use of Requirements 
The first research question aims at understanding how the design-tools taught at 
different phases of design process in engineering design courses use requirements. Figure 
3-1 illustrates the design tools in the planning and clarifying phase of design process. It is 
important to note that requirements elicitation or any tools involved are not considered as 
a design tool which makes use of requirements.   
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As observed, four out of ten design textbooks do not mention design tools in the 
planning phase of design. Of the remaining six textbooks, most design tool descriptions 
do not mention the use of requirements.    
Examples of the design tools used in the planning phase as discussed in various 
design text books include Gantt chart, quality function deployment (QFD), product 
design specification (PDS), requirements list, affinity diagrams and critical path method. 
Most of these tools are focussed on teaching how to manage the design project and teams. 
Some of these tools are also focussed on teaching the techniques of understanding the 
problem at hand and eliciting and documenting the requirements. Therefore, it is obvious 
that most of these tools will not use requirements since at this stage; the focus is on 
gathering the requirements. 
 
Figure 3-1 Design tools in planning phase 
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However, there are some tools in the planning phase, such as benchmarking as 
described in Deiter [53], which mention “identifying the key performance metrics that 
will be measured and used for comparison,” thereby specifying the use of requirements.  
Takeaway 1 – Most design tools in the planning and clarifying stage of the design process 
do not mention the use of requirements.  
Figure 3-2 illustrates the use of requirements in the design tools in the conceptual 
phase of the design process. The conceptual design phase consists of generating and 
selecting the concepts for a given design problem.  In generating concepts, requirements 
must be satisfied or at the very minimum considered, as 80% of the cost of the product is 
determined at this phase [59].  Therefore, it is essential the tools which aid in the concept 
generation mention the use of requirements. Further, requirements are also important 
while selecting amongst the alternative concepts generated as requirements often serve as 
a selection criteria. 
As evidenced from Figure 3-2, most of the design tool descriptions in the 
conceptual phase mention the use of requirements either explicitly or implicitly.  
Most of the idea generation tools fall in the category of design tools that implicitly 
mention the use of requirements. For example, brainstorming as described in Pahl and 
Beitz [1]mentions using the problem statement for concept generation but does not 
explicitly mention using the design requirements for generation of the concepts. On the 
other hand, brainstorming as described by Ullman [9], mentions using a functional 
requirement to generate the concepts. Thus, for the same design tool, there is a difference 
of opinion in using the requirements.   
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Though not illustrated in the figure, it is found most design tools that explicitly 
mention the use of requirements fall in the category of concept selection tools. Some 
examples are decision matrix, Pugh selection matrix, and pair-wise comparison all of 
which mention the use of criteria to evaluate the alternative design concepts.  
What is more interesting to note is there are some concept generation tools which 
do not mention the use of requirements. For example, idea generation tools such as brain 
writing and storyboarding as described in Hyman [56] do not mention the use of 
requirements.  
 
Figure 3-2 Design tools in conceptual phase 
Takeaway 2 - Most design tools in the conceptual design phase either explicitly or 
implicitly mention the use of requirements.  
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Figure 3-3 illustrates the use of requirements in design tools in the embodiment 
phase of the design process.  Two of the ten design textbooks under investigation do not 
describe any tools for the embodiment design phase. Of the remaining eight, most design 
tool descriptions explicitly mention using requirements. Some of the examples of the 
design tools in the embodiment phase include design for X, failure modes and effect 
analysis (FMEA), material selection using decision matrix, material selection using Pugh 
matrix, prototyping, and fault tree analysis.   
 
Figure 3-3 Design tools in embodiment phase 
Takeaway 3 – Most design tools in the embodiment design phase explicitly mention the use 
of requirements.  
Figure 3-4 illustrates the use of requirements in design tools in the detail design 
phase of the design process. Five of the ten design textbooks under investigation, do not 
introduce any design tools in the detail design phase. Of the remaining five, most of the 
design tool descriptions do not mention the use of requirements. An illustration of the 
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design tool used in detail design stage, mentioned my most design textbooks, is bill of 
materials (BOM). Apart from the BOM, design for manufacturing (DFM) and design for 
assembly (DFA) are also suggested for use in the detail design phase [8]. Of these, only 
DFM and DFA mention using requirements.   
 
Figure 3-4 Design tools in detail phase 
Takeaway 4 – Most design tools in the detail design phase do not mention the use of 
requirements.  
3.4.2 Findings of How Requirements are Described and Explained  
The second research question aims at understanding how the use of requirements 
are described in the design tools, which protocol 1 identified as explicitly or implicitly 
using requirements. Protocol 2, tabulated in Table 3-3, is used to address the second 
research question.  In doing so, it captures details from the textbooks regarding the design 
tools’ type of requirement, number of requirements, and the requirement selection 
strategy.  
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It is important to note that percentage values are used here to draw comparison 
between different design textbooks, as many of the text varied in the number of design 
tools presented. From Figure 3-5, it can be observed that in five out of ten design 
textbooks, the text addresses the type of requirement which should be used in the design 
tool.  Of those which do not provide such information, three of the textbooks lack any 
information at all regarding how requirements should be used in the design tool, leaving 
the reader to use their engineering judgement. 
 
Figure 3-5 Design tools and type of requirements 
Alongside the type of requirement that is used, it is important to recognize the 
number of requirements which should be used.  This is of great importance as some 
design projects may span tens, hundreds, or thousands of requirements.  The selection of 
the number of requirements to use may have an impact on the performance and output of 
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the design tool. Figure 3-6 illustrates the percentage of tools in each textbook analysed 
which addresses the ‘number of requirements’ used. From the figure, it can be observed 
in eight out of ten design textbooks, less than 50% of design tools fail to address the 
number of requirements which should be used, leaving the reader to self-determine the 
adequate number of requirements. 
 
Figure 3-6 Design tool and number of requirements 
Figure 3-7 illustrates the percentage of design tools that addresses the selection 
strategy for requirements.  The purpose of a selection strategy is to identify how 
requirements are selected from the requirements text.  The results of the design tool may 
be influenced by the type of requirements inputted.  The results indicated only two out of 
ten textbooks address the selection strategy of requirements in more than 50 percent of 
their design tools.  This again leaves the reader to assess, under their own judgment, how 
requirements should be selected for use within the design tool. 
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Figure 3-7 Design tool and selection strategy 
Protocol 2 was used to collect data addressing the second research question, 
investigating how well textbooks describe the use of requirements in design tools which 
make use of them.  As seen from the results, in most instances, the reader is left to 
determine the use of requirements in a design tool based on their own judgment.  While 
this may be justified by the inability to provide specific details due to the vast types of 
design projects, additional data is needed to assist the reader in using the tools 
adequately.  For instance, two design teams working on similar projects may use the 
same tool from the same textbook, yet retrieve different outcomes due to the input of 
requirements (function vs. nonfunctional or varying numbers) into the tool. 
Takeaway 5 –Students are left to assess, under their own judgment, how requirements 
should be used within design tools. 
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3.5 Survey/Interview of Faculty 
As previously mentioned, the objective of understanding the current state of 
requirements education is addressed through two tasks.  While reviewing the design 
textbooks (Task1A) provides a broader perspective on how different design tools 
incorporate requirements, a survey of faculty (Task1B) may provide a deeper insight into 
how requirements education is imparted in classrooms.  Surveys are typically used as a 
research method to obtain relevant information from a large sample of population and to 
demonstrate patterns that are statistically significant [60].  The survey for the purpose of 
this research was conducted with faculty involved in teaching design courses.  
The survey designed for the purpose of this research is divided in three focus 
areas and a copy is attached Appendix A: Part A of the survey is focused on obtaining 
general information about the structure of capstone courses at the faculty member’s 
department and is based on the nationwide survey of capstone design courses as reported 
in [61, 32, 62].  Part B of the survey obtains information about different requirements 
related activities that students are anticipated to perform while working on a design 
project.  Finally, Part C gathers information about different design tools that students are 
instructed to use.    
A total of five survey responses were collected of which four are from the faculty 
teaching design courses at various department of Clemson University and one is from a 
Clemson faculty with the responses based on his experience in teaching design at the 
University of Arkansas.  Again, it may be noted here that while these surveys are not 
critical to the overall goal of this dissertation, the findings will be used in conjunction 
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with those from the survey of the textbooks to identify critical gaps within requirements 
education. Thus, five survey responses would suffice for this purpose.  
It is evident from the survey responses that most capstone design courses are in 
existence in their current form for multiple years (minimum 4 to maximum 50 years). 
Further, the students receive at least one semester of classroom instruction on design 
before they work on the design projects. This means that classroom instruction plays 
critical role in the knowledge input for the students.  
It is evident from the faculty survey that requirements related activities are fairly 
spread out throughout the execution of the design project. While the activities such as 
elicitation, verification and documentation of requirements performed at the start of the 
project, the activities such as using the requirements for concept generation and 
evaluation are perform between first quarter to third quarter in the project and finally the 
activities such as using requirements for concept validation are performed towards the 
end of the project. 
It is interesting to note that while the timeline for other requirements related 
activities such as elicitation, documentation, use of requirements for concept generation 
and validation were fairly uniform across different faculty, the timeline for performing 
requirement change or update was not clear. While some faculty indicated requirements 
updated occurring throughout the project, other faculty indicated that the update occurred 
towards the end of the project. This could stem from the different practices followed 
within different departments but it does indicate that there are ambiguities associated with 
when requirements should be updated.  
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While the faculty survey indicates that the requirements related activities are 
fairly spread through the execution of the design project, the findings from the survey of 
design textbooks reveal that most tools describing the use of requirements are found in 
the conceptual design phase.  The conceptual design phase is the second phase in the 
design process following the planning and clarification of the task. In terms of the 
timeline for project execution for senior design students, this corresponds to the activities 
performed between first and third quarter.  From the survey of the textbook, it is evident 
that there are fewer tools in planning phase, embodiment phase and detail design phase 
that describe the use of requirements. Thus, from surveying the textbooks and faculty a 
significant gap is identified in terms lack of sufficient tools using requirements in each 
phase of the design process.  
Since novice engineers do not possess prior experiences, they rely heavily on the 
design textbooks and classroom teaching to gain sufficient knowledge for successful 
execution of the project. Thus, to make sure that the novice designers are gaining the 
necessary knowledge for successful project execution, it is critical to address the 
limitations of current education practices.   
3.6 Summary of Findings for RQ1-What are we teaching? 
This part of research presented a review of the different design textbooks used in 
undergraduate design education in the United States (US) for developing an insight on 
how requirements are integrated in the various stages of the design process.  This 
research investigated two focus areas. First, it investigates the mode of reference 
(implicit, explicit, or not mentioned) to the requirements while using different design 
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tools in different stages of the design process. The findings show that in the planning 
stage of the design process, only three textbooks have an explicit reference to the use of 
requirements in the design tools. In the conceptual stage, 90% of the design textbooks 
have implicit/explicit reference to the use of requirements for the tools they have 
identified while in the embodiment design stage, 70% of the design textbooks have 
explicit reference. 
In the second part of this research, three factors are explored on how the 
requirements are described and explained to students while using the design tools. First, it 
is observed in eight out of ten design textbooks, less than 50% of design tools fail to 
address the number of requirements that should be used. Second, only 50% of the 
textbooks indicate the type of requirements to be used. Finally, only two out of ten 
textbooks address the selection strategy of requirements in more than 50 percent of their 
design tools. Though the textbooks have recognized the importance of requirements and 
their proper use and management throughout the design process, their use within specific 
design tools has been limited, and in most cases, it is left to the reader to digest with a 
high degree of uncertainty.  As requirements specify what the project stakeholders need 
to satisfy their immediate and end customers, they require greater attention and detail 
outside of their elicitation and testing.   
Thus, the core finding within this research is the lack of rigor given to 
requirement use within the multiple design tools where they are used. This finding is 
augmented through the survey of faculty involved in teaching design. The survey of 
faculty reveals that the requirements related activities are spread throughout the execution 
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of the design project, while from the survey of design textbooks; it is evident that most 
tools describing the use of requirement are found only in the conceptual phase of design. 
Thus, there is a significant gap in terms of sufficient tools throughout the design process 
that would allow the students to use requirements at various phases in design.  
After identifying the gaps in the requirements education imparted to the students, 
Chapter Four focuses on understanding how requirements are used by the students and 
thus investigates the application of the imparted education.  
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CHAPTER FOUR: HOW ARE STUDENTS USING REQUIREMENTS –A CASE 
STUDY 
4.1 Study Objective and Overview 
The second research goal is to develop an understanding of how are students are 
currently applying the requirements education imparted to them.  With that goal, four 
specific aspects are investigated:  
1) investigating the influence of “delta” in requirements on the level of detail of 
final solution,  
2) investigating the completeness and specificity of elicited requirements,  
3) investigating  the specificity of requirements met in the final solutions and 
4)  Investigating evolution of requirements through requirements tracing study 
Thus, while it is important to identify critical gaps in the requirements education 
imparted in the classroom, which is addressed through RQ1, it is also necessary to 
identify the gaps in application of the imparted education.  The findings from both, the 
study to identify gaps in the dissemination and the application of requirements education, 
can then be used to make recommendations to overcome the currently limitations.  
The case study research method will be used to explore and answer this question.  
Case study as a research method is used to explore ‘why’ and ‘how’ type of research 
questions [38] and thus this research method is appropriate for answering second research 
question – how are students currently using requirements?  Table 4-1 illustrates the 
anticipated patterns for each sub-question of RQ2.  
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Table 4-1 Anticipated patterns for Case study 
Research Question Anticipated pattern 
RQ2.1 What is the influence of change 
in number of requirements elicited by 
individual teams and those provided by 
the sponsor on level of detail of final 
solution? 
AP2.1 Greater change in number of 
requirements elicited by individual teams 
and those provided by sponsor will result 
to high level of detail of final solution 
RQ2.2 What is the completeness and 
specificity of requirements in initial 
week and final week?  
AP2.2 Teams will have low completeness 
and specificity in initial week. The 
completeness and specificity of 
requirements in final week will increase 
compared to initial week 
RQ2.3   What is the specificity of 
requirements met in the final solution? 
AP2.3 More requirements with high 
specificity will be met compared to the 
requirements with low specificity.  
RQ2.4 What is the evolution of 
requirements as evident from 
requirements tracing? 
AP2.4 The requirements will evolve in 
multiple ways as from initial week to final 
week.  
Pattern matching is often used to study the analyzed data in case study [36, 63].  
To improve the qualitative objectivity of the study, counter patterns are also intentionally 
sought. 
RQ2.1 aims at investigating the influence of “delta” in requirements on the level 
of detail of final solution. The anticipated pattern is that a higher “delta” in requirements 
will lead to a high level of detail in the final solution. This is based on the assumption 
that a high delta in requirements essentially means that the team established more 
requirements compared to those given by the sponsor, which in turn means that they have 
better understanding of the problem. This will ultimately lead to a high level of detail in 
the final solution.  
Alternately, a high delta in requirements could lead to low or medium level of 
detail in the final solution. Although a high delta means the team elicited more 
requirements than those given by the sponsor, if these requirements are identified towards 
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the completion of the project then the students will not have sufficient time to develop the 
details in the final solution resulting to alternative pattern of low level of detail in the 
final solution.  
RQ2.2 aims at investigating the completeness and specificity of elicited 
requirements in initial week and final week. The anticipated pattern here is that the teams 
will have low completeness and specificity of requirements in the initial weeks, while the 
completeness and specificity will increase in the final week. This is based on the 
assumption that the students have poor understanding of the problem at hand at the start 
of the project because they are still fully discovering the problem.  Thus, this will result 
to a poor completeness and specificity in the initial weeks. Towards project completion, 
the students will have better understanding of the problem thus resulting to increase in the 
completeness and specificity of the requirements.  
Alternately, the completeness and specificity of requirements will not change 
from initial weeks to final week. From the researcher’s personal experience with senior 
design projects, the students are not given any specific feedback on the completeness and 
specificity of requirements. This would result to no change in the completeness and 
specificity of requirements from initial week to final week. 
RQ2.3 aims at investigating the specificity of requirements met in the final 
solution. It is anticipated that more requirements with high specificity will be met 
compared to requirements with low specificity. Specificity of requirements is essentially 
a measure of the level of detail in requirements and is measured as a count of number of 
adjuncts or numerical values. It is anticipated that, the requirements having high 
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specificity as indicated by a high number of adjuncts or numerical values will have 
sufficient details and thus will be clearly understood by the students. This will then result 
to more number of high specificity requirements fulfilled in the final solution. 
Requirements with no adjuncts or numerical values may be too abstract and thus few 
requirements with no specificity will be met in the final solution.  
Alternately, the requirements with high specificity can over constrain the design 
space and thus pose a challenge while designing a solution that can fulfill them. Thus, an 
alternative pattern that more number of requirements with low specificity will be met in 
the final solution is also explored.  
RQ2.4 aims at investigating the evolution in requirements through a requirements 
tracking study. It is anticipated that the requirements will evolve from initial week to 
final week. As previously mentioned, at the beginning of the design project, the students 
are exploring and understanding the problem at hand. Towards the end of the project, the 
student’s understanding of the design problem evolves and this will be reflected in the 
requirements document resulting to multiple changes from initial weeks to final weeks. 
Further, the changes in the document could also result from the feedback given to the 
students during the design reviews.  
Alternately, it is expected that there will be no change in the requirements from 
initial weeks to final week. As a part of deliverable for the senior design project the 
students are not mandated to update the requirements document on weekly basis. Thus, it 
is possible that the requirement document generated at the beginning of the project is not 
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updated and remains constant. This leads to exploring the alternative pattern that there 
will be no change in the requirements from initial weeks to final weeks.  
Table 4-2 summarizes the alternative patterns explored in this case study.  
Table 4-2 Summary of alternative patterns for case study 
Research Question Counter Patterns (CP) 
RQ2.1 What is the influence of change 
in number of requirements elicited by 
individual teams and those provided by 
the sponsor on level of detail of final 
solution? 
CP2.1 Greater change in number of 
requirements elicited by individual teams 
and those provided by sponsor will result 
to low level of detail of final solution 
RQ2.2 What is the completeness and 
specificity of requirements in initial 
week and final week?  
CP2.2 Teams will have no change in the 
completeness and specificity of 
requirements from initial weeks to final 
weeks.  
RQ2.3   What is the specificity of 
requirements met in the final solution? 
CP2.3 More requirements with low 
specificity will be met compared to the 
requirements with high specificity.  
RQ2.4 What is the evolution of 
requirements as evident from 
requirements tracing? 
CP2.4 There will be no change in the 
requirements from initial week to final 
week  
After discussing the anticipated and alternative patterns for each sub-question for 
RQ2, section 4.2 describes the senior design class at Clemson University.  
4.2 Description of ME-402 class 
ME-402 is a senior Mechanical engineering Capstone Design class in Mechanical 
Engineering department at Clemson University.  This course is a three-credit, semester 
long course of approximately fifteen weeks, except when offered in an abbreviated 
semester during the summer.  As a part of this course, senior mechanical engineering 
students work in teams of four to five students addressing industry sponsored projects.  
Each project has three to four teams of students working independently to solve the given 
design problem.  Each project has an advisory committee that consists of two to three 
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faculty, retired industry, or graduate student members.  The undergraduate students 
deliver weekly design review presentations about their progress to the advisory 
committee, receiving feedback and critiques on the technical, communication, and 
management aspects of the project.  At the beginning of the semester, the students are 
given one page description of the design problem from the industry sponsor.  
Additionally, during the first week all teams are given a detailed presentation of the 
problem by the industry sponsor.  
From this point, the multiple student teams assigned to a project work in parallel 
to develop their own version of problem statement and solutions that address their 
understanding of the problem.  To do this, the students establish the requirements, 
generate the ideas, and select the final solution based on the requirements.  According to 
the demand of the project, the students also build prototypes to test and validate their 
concepts.  
The students deliver mid-term preliminary design reviews to the sponsors, often 
with all other project teams in attendance.  By the time of these preliminary design 
reviews, most teams have completed the conceptual and, to some extent, embodied 
design phases.  Most teams have developed a candidate for final solution at this time with 
the teams spending the remainder of the semester focused on detailing the solutions.  
Here, the final solution refers to a concept that meets all the constraints established by the 
team at the beginning of the semester.  The final deliverable of the project includes the 
written report of the proposed solution with complete drawing package and may also 
 52 
include prototypes of the proposed solution.  The students are also required to give a final 
presentation to the advisory committee and industry sponsor. 
It may be noted here that since there are multiple teams working independently to 
solve the same design problem, this serves as an ideal case for studying and comparing 
requirements elicitation and use.  As previously mentioned, there are typically three to 
four teams working on a design project. At the beginning of the semester, all teams are 
provided with project description and presentation by the sponsor. From this point 
onwards, each team works independently to solve the design problem at hand. This 
results to each team developing their own understanding of the design problem and thus 
eliciting and updating their own requirements. As each team has their own requirements 
document independent of other teams, this allows for comparing the document to 
investigate the similarity and evolution of requirements for each team. If only one team 
was working on the design project, then this comparison would not be possible. Thus, 
having multiple teams working independently on the design problem allows for 
comparing the requirement elicitation and use by the senior design students.  
One of the projects from spring 2011 was selected for this case study.  There were 
four teams working on the project and each team had four students. Further, three teams 
has all males and one team had three males and one female on the team.  The teams were 
graded based on factors such as team work, professionalism, the design process followed, 
and overall project outcomes. Further, the team and individual grades do not necessarily 
represent the quality of the project outcome and are therefore not used explicitly for 
comparing the performance of the four teams under consideration.  
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The details of the design project under consideration are discussed in section 4.3. 
4.3 Design project under consideration 
The design project under consideration was completed by the mechanical 
engineering senior design students in the Spring 2011 semester.  The design project was 
sponsored by Parker Hannifin Corporation. The design problem given to the students 
was: 
“Design and build a system to automatically splice the seals.”   
There were four teams working independently on this project and each team had 
four students.  Further, the team members consisted of mostly male with an exception of 
one female on one of the teams.  All students were in the final semester of their 
undergraduate curriculum.  The advisory panel consisted of two faculty members and one 
graduate student.  The advisory panel provided feedback to the teams during weekly 
design reviews.  
This project was selected for this study as it is representative of a typical senior 
design project. While not explicitly measured, the complexity of the design problem, the 
composition of the design teams and the execution of the process to develop final 
solution are representative of other senior design project in the mechanical engineering 
department at Clemson University. Thus, the project was selected for this study.  Further, 
the researcher was a gradvisor on the project and this would facilitate the data collection.  
At the beginning of the semester, the project sponsor presented the details of the design 
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problem, explicitly stating project requirements to all four teams.  After this, all four team 
worked independently to explore problem and design a solution.    
4.4 Data collection 
In order to answer the research questions, RQ2.1, RQ2.2, and RQ2.3 it was 
necessary to collect the requirements elicited by student teams.  In a typical senior design 
curriculum, the students are not required to document the update of requirements on a 
weekly basis.  However, for the purpose of this case study, it was essential to collect the 
requirements from the student teams each week.  In order to facilitate this, the teams were 
given a ‘requirements update sheet’ which they were required to update and submit each 
week.  Figure 4-1 shows example requirements update sheet submitted by team C for 
week 1.  
This sheet captures details such as the requirement, date of elicitation or 
modification, source of requirement (sponsor or team), modification in the requirements, 
justification for the modification, target value and validation method.  
Although the student teams were asked to update and submit the requirements 
update sheet each week, most teams did not submit one for every week since this was not 
a course requirement.  However, the data has been collected for initial weeks for all 
teams.  Here data from initial week refers to the data from week-1, week-2 or week 3 
depending on the student responses.   
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Figure 4-1 Requirements update sheet 
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It may be noted that team B did not submit any update sheet for initial weeks, thus 
the requirements for team B were extracted from the executive summary for week 3. 
Essentially, team B’s executive summary for week 3 had list of elicited requirements. 
These requirements were used for the analysis. Further, the requirements for final week 
were extracted from the final report to be consistent across the teams.    In addition to the 
data collected from requirements update sheet, final design report submitted by the teams  
were used as a data source for analyzing the level of detail of final solution.  
Asking the objects of study, which in this case is the senior design students, to 
collect the information (requirements) used in the analysis has its limitations which are 
discussed in Section 4.12.  
4.5 Data Analysis 
After collecting the data, the next step was to analyze the collected data to answer 
the research questions.  As previously mentioned, RQ2 aims at understanding how 
students currently use requirements.  To that end, three different aspects are investigated 
through this case study: 1) studying the influence of difference in the number of 
requirements on the level of detail in final solution, 2) studying the completeness and 
specificity in the requirements across teams working on same project and 3) studying the 
specificity of requirements met in final solution.  Before discussing the findings from 
these studies, sections 4.5.1, 4.5.2 and 4.5.3 discuss the protocol for analyzing the data to 
investigate these aspects respectively.  
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4.5.1 Mapping delta of requirements to level of detail in final solution 
RQ2.1 aims to understand the influence of the delta in the number of requirements 
between the sponsor and the teams on the level of detail of the final solution.  At the 
beginning of the semester, the sponsor provides initial requirements to the teams working 
on the project.  All the teams then work independently to further explore and elicit more 
requirements.  Thus, as they progress in their design process, each team will develop a 
different number of requirements than what was initially provided by the sponsor.  Thus, 
the ‘delta in requirements’ refers to the difference in the number of requirements given by 
the sponsor and that elicited by the teams.  Since the researcher was unable to collect the 
data for all weeks of the project, the comparison for the delta is only made for initial 
week and the final requirements reported in the final report.  After collecting the 
requirements, the number of requirements for the initial week and the final week were 
counted and tabulated for each team.  
It is hypothesized that team having a greater positive delta should have a better 
understanding of the design problem and thus have a high level of detail in the final 
solution.  It may be noted here that while looking at the delta, only the change in the 
number of requirements were considered.  Thus, a team that starts with three 
requirements and ends with three completely different requirements would still have a 
delta of 3-3=0. 
The student teams generate a variety of documents throughout the completion of 
the project. These include documents such as weekly summaries, weekly design review 
presentation and mid-term report. However, none of these documents capture the 
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complete details of final solution that are required for this analysis. Thus, final design 
reports were selected for analysis for this study.  
The level of detail of final solution was measured by considering the components 
of final solution such as description, figures, and engineering.  The level of description is 
measured as count of pages describing the final solution. The level of detail of figures is 
measured by counting the number of fully, partially and not labeled figures while the 
level of detail of engineering is measured by considering the number of analysis, 
experiments and simulations pertaining to the final design. The details of considering 
level of detail of each component can be found in [64]. The levels of detail of each of the 
three components were then incorporated to find the level of detail of the final solution 
[64].  The level of detail of the final solution for all four teams was then mapped to the 
delta in requirements.  The findings from mapping the delta in requirements to level of 
detail in final solution are discussed in Section 4.6 
4.5.2 Completeness and Specificity Study of Requirements 
RQ2.2 aims at investigating the completeness and specificity of requirements 
within and across teams.  While completeness of a requirement is measured by 
considering components such as system (subject), necessity (modal), behavior or 
characteristics and condition (verb phrase), the specificity of a requirement is measured 
by considering the number of adjuncts and numerical values within a requirement [17].  
Thus, in order to measure the completeness and specificity of requirements, it was 
essential to parse the requirements into components.  
 59 
For each team, the requirements from the initial weeks and the final week were 
parsed and the number of adjuncts and numerical values were counted and tabulated.  
Table 4-3 shows a snap shot of the evaluation table created to measure the completeness 
and specificity of requirements.  
Table 4-3 Evaluation table for completeness and specificity of requirements 
Requirement 
Parsing for completeness Specificity 
Subject 
(System) 
Modal 
(Necessity) 
Verb phrase 
(Behavior and 
condition) 
# of 
adjuncts 
# of 
numerical 
values 
The design must 
cool the spliced o-
rings in less than 
or equal to 3 
minutes 
Design Must Cool the spliced o-
ring in less than or 
equal to 3 minutes 
2 1 
Count the number 
of parts 
0 0 Count number of 
parts 
0 0 
The first column indicates the requirement elicited by the team.  Column 2 is the 
completeness column and shows parsing for completeness.  Each requirement elicited by 
a team was parsed into “subject”, “modal” and “verb phrase” to measure completeness.  
If a requirement did not have a component, then ‘0’ was entered in the respective column.  
For instance, the requirement “count the number of parts” does not have a subject and 
modal and thus ‘0’ was entered in the columns for both the subject and the modal for this 
requirement.  Column 3 represents specificity column recording the number of adjuncts 
and numerical values in order to measure specificity.  Again, if a requirement did not 
have any adjuncts or numerical value, ‘0’ was entered in the column.  
It may be noted that this protocol for analyzing the completeness and specificity 
of requirements is established in [17] and was adopted in this thesis for manual coding.  
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4.5.3 Requirements met in final solution 
The goal of RQ2.3 is to investigate whether or not more requirements with high 
specificity are met in the final solution as compared to the requirements with low 
specificity.  Specificity of a requirement is measured by using the number of adjuncts and 
numerical values as discussed above.  Thus, the higher the number of adjuncts and/or 
numerical values, the higher the specificity of requirement is measured [17].   
Each team submitted a final report as the penultimate project deliverable.  In order 
to identify the requirements met, the final reports for all four teams were read thoroughly. 
The requirements that were explicitly met were counted and recorded. It may be noted 
that the mapping of requirements to final design solutions established in [64] considers 
whether or not a requirement was addressed, however for this research whether or not a 
requirement was explicitly met was considered.   A requirement was considered as “met” 
if the report had a description, figure, or analysis that clearly suggested that the 
requirement was met.  The requirements for which there was no evidence suggesting that 
it was met were considered as “not met”.  Subjective speculation about whether a 
requirement might have been met, but not fully discussed, was avoided to ensure as 
objective analysis of the final solution as possible.  Further, only the details pertaining to 
final solution were considered while analyzing for requirement met.  
After recording the number of requirements met and not met, comparison was 
made against the specificity of requirements to investigate whether or not more number 
of requirements with high specificity is met as compared to requirements with low 
specificity.  The findings from this study are discussed in Section 4.9.  
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4.5.4 Requirements tracing protocol 
The goal of conducting a requirements tracing study was to explore the evolution 
of requirements and identify the changes in individual requirements from initial weeks to 
final week. Further, three different evolution aspects were investigated in this study -
1)number of addition, deletions, changes and no changes, 2)identifying changes in natural 
language requirement elements (system, necessity, behavior, object and condition) and 
3)identifying change types as per the change taxonomy established in [16, 65].  In order 
to study this evolution, requirements tracking sheet was created for each team and each 
requirement was traced as it evolved.  
Figure 4-2 illustrates a snap-shot of requirements tracking sheet for team A. The 
first row represents the requirement code for initial week and final week. Thus ‘7’ 
indicates requirement-7 for initial week and ‘7F’ represents requirement-7 for final week. 
Each requirement in the initial week was traced down to final week in similar manner. 
This tracing was done manually by identifying similar requirements.  
It may be noted that from initial week to final week, some requirements were 
deleted and new requirements were added. Thus the change type for these requirements 
was identified as ‘addition’ or ‘deletion’. For example, in Figure 4-2, there was no 
requirement corresponding to requirement ‘6F’ in initial requirement document and thus 
the change type was identified as ‘addition’. 
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Initial 
Week Final Week 
Initial 
Week 
Final 
Week Final Week 
  7 7F 9 9F 6F 
PARKER 
TEAM A 
Cool 
spliced 
rings 
The design 
must cool 
the spliced 
rings in 
less than or 
equal to 3 
minutes 
Count the 
number 
of parts 
The design 
must count 
the number 
of parts 
produced 
The design 
must prevent 
breakdown in 
elastomer 
properties by 
ensuring that o-
rings are not 
heated beyond 
350 F 
Subject  0 The design 0 The design The design 
Modal  0 must 0 must must 
Main Verb 
 
Cool (T) cool (T) Count (T) count (T) prevent(T) 
Direct 
Object 
(DO), NA, 
complement 
(CO) 
spliced 
rings 
(DO) 
the spliced 
rings(DO) 
the 
number 
of parts 
(DO) 
the number 
of parts 
produced 
(DO) 
breakdown in 
elastomer 
properties 
(DO) 
Adjunct 0 
in less than, 
or equal to 
3 minutes 
0 0 
by ensuring 
that o-rings are 
not heated, 
beyond 350F 
Change 
Type 
1. Introduction of new 
system                                     
2. Importance                                 
3. Specificity 
1. Introduction of new 
system                                       
2. Importance  
Addition 
NL 
requirement 
element 
 1. System                               
2. Necessity                                          
3. Condition 
1. System                                 
2. Necessity     N/A 
Figure 4-2 Example requirements tracking sheet for team A 
Similarly, if a requirement in initial requirement document did not end up in the 
final requirements document then the change type was recoded as a ‘deletion’.  If a 
requirement was changed from initial week to final week, it was counted as ‘changed’ 
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while if the requirement did not change at all it was counted as ‘no change’. Thus, the 
number of addition, deletions, change and no change were counted and recorded in a 
summary table as shown in Table 4-4.  
Table 4-4 Summary of addition, deletion, no change and change 
  Parker A Parker B Parker C Parker D 
Additions 1 2 3 16 
Deletions 0 3 10 0 
No change 0 2 0 0 
Change 15 11 10 8 
Total initial 16 16 20 8 
Total final 16 15 14 24 
Next step was to identify specific change in requirement in terms of changes in 
natural language requirement elements and then identifying specific change types based 
on taxonomy established in [16]. To that end, first, the requirement in initial week and 
final week was parsed into the components- system (subject), necessity (modal), 
behavior/characteristic (main verb), object and condition (complement or adjunct) [17, 
65].  A comparison was made between initial week and final week components to 
identify which of the components changed. So for instance, consider the following 
requirement pair for team A: 
(Initial week)7-Cool the spliced ring. 
(Final week)7F –The design must cool the spliced ring in less than or equal to 
three minutes.  
Here, in requirement 7F, the subject “design”, modal “must” and adjuncts “in less 
than or equal to three minutes” were added. These were thus recorded as change in 
system, necessasity and condition as shown in Figure 4-2. Further it may be noted that 
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this was only recorded as a change, whether it was addition, deletion or modification was 
not considered for the purpose of this study. After completing similar coding for all 
requirement pairs for all teams, number of each element change were counted and 
recorded in a summary table as shown in Table 4-5.  
Table 4-5 Summary of changes in requirement elements 
Parker A Parker B Parker C Parker D 
System 15 4 10 8 
Necessity 6 3 10 0 
Behavior 6 6 2 3 
Object 5 2 3 4 
Condition 11 8 2 4 
Total number of 
changes 43 23 27 19 
After identifying the change in natural language requirement elements, the next 
step was to identify the change types based on the taxonomy of change types established 
in [16]. The definitions and examples of each change type provided in the taxonomy were 
used to identify the change type for each requirement pair.  
While a complete list of all change types with examples can be found in [16], 
Table 4-6 provides explanation of change types identified by examining the requirements 
for this study.  
Further, a requirement pair could have multiple change types. So for instance 
consider the following requirement pair for team A: 
(Initial week)7-Cool the spliced ring. 
(Final week)7F –The design must cool the spliced ring in less than or equal to 
three minutes.  
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Table 4-6 Description of change types, adapted from [16, 65] 
Change type Reference Description 
Introduction of new 
system 
[66, 67, 68, 
69] 
Identified as change in the system 
of the requirement. this could be 
addition of new component or 
system 
Consistency [66, 70] Identified as change in vocabulary, 
units or terminology 
Importance [70] Identified as change in the necessity 
of requirement 
Specificity [70] Identified as change in the level of detail of a requirement 
Application [67] Identified as change in the 
application of part or system 
Measurability/testing [70] Identified as change in the  
measurability of a requirement 
Withdrawal of system [66, 67, 68, 69] 
Identified as change in the system 
of the requirement. This could be a 
removal of system or component 
Merging [66] 
Identified as change when two or 
more requirements are merged into 
single requirement 
Associated user [71] 
Identified as change when the 
individuals associated with the 
requirement change 
Splitting [66] 
Identified as change when one 
compound requirement is split into 
two or more requirements 
Scope change [66, 68] Identified as change when the scope 
or focus of a requirement changes 
For this requirement pair, three change types were identified. First, in requirement 
7F the system “design” was added and thus it was identified as change type introduction 
of new system. Second, the necessity “must” was added and thus identified as change 
type importance. Finally, the condition “in less than or equal to three minutes” was added 
and this was identified as change type specificity. The three change types were identified 
for requirement pair 7 and 7F.   
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The change types for all requirement pairs for all teams were identified in this 
manner and a summary table was created by counting the number of each change type for 
each team as shown in Table 4-7.  
Table 4-7 Summary of change types 
  Parker A Parker B Parker C Parker D 
Introduction of new 
system 15 0 10 0 
Application 3 2 0 1 
Specificity 7 4 1 2 
Merging 1 0 0 0 
Importance 6 3 10 0 
Consistency 4 7 1 8 
Measurability/Testing 2 1 0 1 
Withdrawl of system 0 2 0 0 
Associated user 0 1 0 0 
Splitting 0 0 1 0 
Scope change 0 0 1 0 
This section describes the coding protocols for the studying the requirements 
evolution. The numbers summarized in Table 4-4, Table 4-5 and Table 4-7 were then 
used for requirements tracing study. The findings are discussed in section 4.10.  
4.6 Findings from mapping delta in requirements to level of detail of final report 
RQ2.1 aims at investigating the influence of delta in requirements on the level of 
detail of final solution.  The anticipated pattern here is a team with higher positive delta 
will have high level of detail in the final solution. This is based on the hypothesis that a 
team having higher number of requirement has a better understanding of the problem and 
thus would have high detail in the final solution. After counting the number of 
requirements elicited by each team in initial week and final week, these numbers were 
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compared with the sponsor. Before discussing the findings from mapping the delta in 
requirements to level of detail of final solution, Table 4-8 shows the summary of number 
of requirements for sponsor and for each team for initial week and final week.  
Table 4-8 Summary of number of requirements in initial week and final week 
Sponsor Team A Team B Team C Team D 
Number of requirements 
in initial week 13 16 16 20 8 
Number of requirements 
in final week 13 16 15 14 24 
The “delta” in requirements was calculated as the difference of team requirements 
and sponsor requirements for initial week and final week. Thus “delta” in requirements 
for initial week for team A would be (16-13 = 3). Further, a positive “delta” indicates that 
the team had more number of requirements elicited compared to those given by the 
sponsor. A negative “delta” indicates that the team had fewer requirements elicited 
compared to those given by the sponsor.  
Figure 4-3 illustrates the findings from calculating delta compared to sponsor for 
each team for initial week and final week. It can be observed that team A has consistent 
delta compared to sponsor for initial week and final week. This means that team A had 
the same number of requirements in initial week and final week. While team B has a 
positive delta for both initial week and final week, the difference was higher in initial 
week compared to final week. Thus team B had more requirements in initial week than 
final week.  
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Figure 4-3 Delta in requirements for initial week and final week 
Further, team C has a high positive delta in initial week. This indicates that team 
C had elicited significantly high number of requirements than those provided by the 
sponsor in initial week. Although team C has a positive delta in final week, indicating 
that it has more requirements than those provided by the sponsor, the number of 
requirements in final week has reduced to fourteen compared to twenty requirements in 
initial week thus resulting to a low positive delta in final week.  
It is interesting to note that of the four teams; only team D has a negative delta in 
requirements for initial week. This could potentially mean that the team failed to identify 
the requirements explicitly established by the sponsor. However in the final week, team 
D has a high positive delta in addition to having the maximum number of requirements 
elicited when compared with other teams.  
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These observations suggest that while all teams are working on the same project, 
based on the number of elicited requirements in initial and final week and comparing the 
delta with sponsor, they seem to have a different understanding of the problem at hand. It 
is expected that the teams have different understanding of the problem towards the 
project completion because they are working independently to develop solutions. But in 
the initial weeks, it is expected that the teams have similar understanding of the problem 
as they have a common source of input –the sponsor.  Solely based on the number of 
requirements, teams A, B and C had more requirements than those provided by the 
sponsor in initial week, but team D failed to identify the requirements established by the 
sponsor as represented by a negative delta. This raises a question on the requirements 
elicitation practice taught to and followed by the students. It may be noted that the 
students were had the same pre-requisite design class but they were taught by different 
instructors. While the instruction styles may be different, it would be expected that the 
students are learning similar basic tools of design. The difference in requirements 
elicitation pattern between student teams with team C having too many requirements and 
team D too few requirements in initial week suggest the contrary.     
After studying the delta in requirements for all teams, the next step was to map 
the delta in requirements to the level of detail in the final solution. Figure 4-4 illustrates 
the findings from mapping the delta in requirements to level of detail of final solution.  
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Figure 4-4 Mapping delta in requirements to level of detail of final 
solution 
It can be observed that team A that has consistent delta in initial week and final 
week and it has a high level of detail in the final solution. While the remaining three 
teams, B, C and D that have a change in delta from initial week to final week have 
medium level of detail in final solution.  
A consistent delta in requirements could be an indication that students have 
consistent understanding of the problem in initial week and final week. A consistent 
understanding of the problem ultimately leads to a high level of detail in the final 
solution. On the other hand, change in the delta in requirements from initial week to final 
week may be suggestive of change in the understanding of the problem from initial week 
to final week resulting to a medium level of detail in the final solution. As with all design 
projects, the capstone design projects are time bound. While it is desired that the 
understanding of the problem evolves with the progress in the design project, missing out 
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on requirements early on in the project could potentially affect the  detail of the final 
solution. If the requirements are identified too late in the process, the teams may not have 
sufficient time to address those requirements.  
Further, it is desired that the students’ understanding of problem evolves as they 
progress in the design project and thus reflected through increase in the number of 
requirements from initial week to final week. However, in this case, for two out of four 
teams (teams B and C), the number of requirements in final week decreased as compared 
to initial week. This could mean that these teams had over constrained problem to begin 
with and as they progressed they removed the unnecessary constraints as indicated by the 
decrease in the number of requirements.   
Thus these findings suggest that there is some ambiguity in the requirement 
elicitation practice followed by the students. One reason for this could be lack of 
appropriate design tools that allow students to systematically elicit and document 
requirements.  
After discussing the findings from mapping delta in requirements to level of detail 
in final solution, section 4.7 discusses the findings from completeness study.  
4.7 Findings from completeness study 
Completeness of a requirement is measured by considering components such as 
system represented by subject, necessity represented by modal, behavior/characteristics 
and condition represented by verb phrase [25, 17, 16].  After parsing the requirements of 
the initial weeks and the final week for each team, a summary table was created by 
counting the requirements that are complete and missing one or more of the components.  
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The summary table for initial week is shown in Table 4-9 while Table 4-10 shows the 
summary table for final week.  Further, each requirement had multiple missing 
components and so the total number of requirements shown in the last row is not equal to 
the sum of each column.  
Table 4-9 Completeness summary for initial week 
Initial week Team A Team B Team C Team D 
Complete 1 16 0 8 
Missing Subject 14 0 20 0 
Missing Modal 11 0 20 0 
Missing Verb Phrase 0 0 0 0 
Missing Subject and 
Modal 10 0 20 0 
Total Number of 
Requirements 16 16 20 8 
Table 4-10 Completeness summary for final week 
Final Week Team A Team B Team C Team D 
Complete 10 10 14 24 
Missing Subject 0 1 0 0 
Missing Modal 6 4 0 0 
Missing Verb Phrase 0 0 0 0 
Missing Subject and 
Modal 0 0 0 0 
Total Number of 
Requirements 16 15 14 24 
Figure 4-5 illustrates the completeness of requirements for all four teams in the 
initial weeks.  From Figure 4-5 it can be observed that for teams B and D, all the elicited 
requirements are complete.  Thus, all the requirements have the necessary components 
such as subject, modal, and verb phrase.  For team A, only one of the sixteen elicited 
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requirements were complete; while for team C none of the elicited requirements were 
complete.  
 
Figure 4-5 Completeness of requirements in initial week 
It was necessary to further investigate which components of requirements were 
missing in the requirements that were incomplete.  From Figure 4-6, it can be observed 
that for teams with incomplete requirements most of the incompleteness is related to 
missing subjects and modals; as is the case for teams A and C who are are missing 
subject and modal.  The subject represents the system associated with the requirement; 
while the modal represents the necessity or criticality of a requirement, distinguishing 
between constraints and criteria.  It is interesting to note that none of the requirements are 
missing verb phrase.  
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Figure 4-6 Missing elements – initial week  
Figure 4-7 illustrates the requirements completeness levels in the final week for 
all the teams.  In the initial weeks, only teams B and D had complete requirements, and 
team A had only one complete requirement.  While the completeness of requirements for 
team B decreased from the initial weeks to the final week, teams A, C, and D were able 
to increase the completeness of their requirements from the initial weeks to the final 
week, as can be observed in Figure 4-7.  This is latter pattern was expected as the teams 
would more likely have a better understanding of requirements towards the project 
completion.  
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Figure 4-7 Completeness of requirement in final week 
Figure 4-8 illustrates the missing components in requirements for all teams in 
final week.  It can be observed that while in the initial week team A had fourteen 
requirements missing subject, in final week it has none of the requirements missing the 
subject.  Further in the initial weeks, team A also had eleven requirements missing the 
modals.  In final week, this reduced to only six requirements missing the modal.  On the 
other hand, team B had all requirements complete in the initial weeks but in the final 
week, it has one requirement missing the subject and four requirements missing the 
modal.  
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Figure 4-8 Missing components in final week 
From above findings it can be inferred that the overall completeness in 
requirements increase from initial week to final week.  While there is significant number 
of requirements missing either subject or modal in initial week, the number of 
requirements missing subject and modal decreases in final week.  
It is essential to have a complete requirement statement in order to identify what 
is being designed (indicated by subject), whether a requirement is a constraint or criteria 
(indicated by modal) and the detail of what the system must do (indicated by verb phrase) 
[17]. If the requirement is missing one of these components, it could lead to potential 
ambiguity while interpreting and meeting the requirement. So for instance, one of the 
requirements in the initial week document for team A is “count the number of parts”. 
This requirement is missing the subject and modal. It is therefore ambiguous whether this 
requirement is a constraint or criteria. Further it is not known ‘what must count part’. 
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Therefore it is ambiguous whether the goal is to design a system or a component to count 
parts. Alternatively, requirement could also be interpreted as having an operator to count 
the number of parts. Thus, incompleteness in requirement leads to ambiguity in 
interpreting and addressing the requirement.   
While the requirement may have poor completeness in initial weeks as the 
requirement document is still evolving, it is desired that the completeness increases 
towards final weeks to mitigate the ambiguity.  
The findings of the case study reveal that while the completeness of requirements 
increases from initial weeks to final week, there are still few requirements missing 
important components such as subject or modal as observed for teams A and B.  Based 
on the researcher’s experience with advising senior design projects, the students are not 
given specific feedback about the completeness of the requirement document or the 
requirements themselves. Thus the increase in the completeness could solely be a result 
of general feedback or evolution in students understanding of the design problem at hand. 
Based on these findings, it is recommended that the student should be given specific 
feedback about the completion status of the requirements to mitigate the potential dangers 
of having incomplete requirements.  
4.8 Findings from Specificity study 
Specificity of requirements is a measure of the level of detail within a requirement 
[17]. This detail could be about the system component or the behavior or characteristics 
of the system [17]. It is desirable that the requirement has a high level of specificity to 
minimize the ambiguities associated with it [17]. Specificity of engineering requirement 
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is measured by counting the number of adjuncts and numerical values within a 
requirement [17].  
If the requirements have poor specificity and thus are more abstract, it could lead 
to failure in addressing the requirements as the interpretation of the requirement would be 
ambiguous. Therefore, it becomes necessary to investigate the level of specificity within 
requirements elicited by novice designers. The anticipated pattern here is that the teams 
will have low specificity of requirements in initial week. This will be indicated by more 
requirements with less adjuncts and less numerical values in initial week. Further, it is 
anticipated that the students will have high specificity towards the final week as they will 
have better understanding of the problem then. An indication of this will be increase in 
the number of requirements with more number of adjuncts and numerical values. 
While the change in specificity for each requirement is out of scope for this 
research, the findings from the specificity study of initial and final requirement 
documents are discussed in Sections 4.8.1 and 4.8.2. 
4.8.1 Specificity as count of adjuncts 
After tabulating the number of adjuncts for each requirement for each team, a 
summary table was created by counting the requirements with zero, one, two and three 
adjuncts. None of the requirement had more than three adjuncts and thus the number was 
limited to three.  
Figure 4-9 illustrates the comparison of requirements with 0 adjuncts for initial 
week and final week for all teams.  
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Figure 4-9 Comparing for requirements with 0 adjuncts for initial  and 
final week 
From Figure 4-9, it can be observed that for teams A and C, the number of 
requirements with zero adjuncts have decreased from initial week to final week. For 
teams B and D there is increase in the number of requirements with zero adjuncts.  
Figure 4-10 illustrates the comparison of requirements with one or more than one 
adjuncts for initial week and final week for all teams.  
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Figure 4-10 Comparing for requirements with 1 or more adjuncts for 
initial week and final week 
From Figure 4-10, it can be observed that for teams A and D there is increase in 
the number of requirements one or more than one adjunct. There is decrease in the 
number of requirements with one or more than one adjunct for teams B and C.  
Further investigating the requirements with one or more than one adjunct, Figure 
4-11 illustrates the comparison of requirements with one, two and three adjuncts for 
initial week and final week.  
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Figure 4-11 Comparing requirements with 1,2,3 adjuncts for initial week 
and final week 
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Comparing the graphs for initial week and final week from Figure 4-11, it can be 
observed that for the teams C and D there is increase in the number of requirements with 
one adjunct from initial week to final week. The number of requirements with one 
adjunct decreased for teams A and B.   
For teams A, B and D, there is increase in the number of requirements with two 
adjuncts from initial week to final week. Further, it is interesting to note that team D did 
not have any requirement with two adjuncts in initial week, while in final week it had 
four requirements with two adjuncts. For team C, the number of requirements with two 
adjuncts decreased considerably.  
In initial week, only team B had one requirement with three adjuncts. None of the 
other teams had requirements with three adjuncts. While in the final week, three out of 
four teams (A, B and D) had requirements with three adjuncts. Thus there was an 
increase in the number of requirements with three adjuncts.   
Thus, the findings suggest that the number of requirements with zero adjuncts 
decrease and the number of requirements with one, two and three adjuncts increase from 
initial week to final week. This leads to the conclusion that there is increase in the 
specificity of requirements measured as the number of adjuncts from initial week to final 
week.  
Specificity of a requirement describes the level of detail within a requirement. An 
increase in the level of detail of requirements is expected as the students approach the 
project completion. This is reflected by increase in specificity with increase in number of 
adjuncts. This is due to the increased understanding of the design problem. Specificity of 
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requirement can thus be used as an internal measure of project completion. Students can 
be taught to identify the specificity in requirements.  If the students are approaching 
project completion week and they have poor specificity in the requirements, this could 
essentially mean that they have failed to identify specific details of requirements. Failing 
to identify necessary details in requirement can then jeopardize successful completion of 
the project.  
For instance, for team C, one of the initial requirements statements is “Cool the 
spliced rings”. This requirement has zero adjuncts. The requirement is also missing 
specific details such as ‘what’ should cool the rings and in ‘what time’ the rings should 
be cooled. However, these details are added in the final week document and the 
requirement evolves as “The design must cool the spliced rings in less than or equal to 3 
minutes”. In this requirement the subject ‘design’ and two adjuncts ‘less than’ and ‘or 
equal to 3 minutes’ were added increasing the specificity of the requirement. Had the 
students not identified these details, there would be ambiguities associated with meeting 
this requirement. Thus, to mitigate the ambiguities, it is desired that the specificity in 
requirements as count of adjuncts increases from initial week to final week of the project.  
Next, the specificity as a count of numerical values is investigated.  
4.8.2 Specificity as count of numerical values 
In addition to the number of adjuncts, the number of numerical values is also a 
measure of specificity of a requirement. While adjuncts specify the detail in a 
requirement, numerical values add a quantitative element to the requirement [17]. After 
investigating the specificity of requirements as a count of adjuncts, the next step was to 
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measure the specificity by considering the number of numerical values within a 
requirement.  
After counting the number of numerical values for each requirement, a summary 
table was created by counting the number of requirement with zero, one, two, three and 
four numerical values. None of the teams had more than four numerical values within a 
single requirement and thus the number was limited to four.  
Figure 4-12 illustrates the comparison of requirements with zero numerical value 
for initial week and final week.  
 
Figure 4-12 Comparing requirements with 0 numerical values for initial 
week and final week 
From Figure 4-12, it can be observed that for teams A, B and C, the number of 
requirements with no numerical values decreased from initial week to final week. For 
team D, the number of requirements with no numerical value increased. However, this 
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could stem from the fact that team D added sixteen new requirements in the final week 
document. Figure 4-13 shows the comparison of requirements with one or more than one 
numerical value.  
 
Figure 4-13 Comparing requirements with 1 or more numerical values 
for initial week and final week 
While the number of requirements with one or more than one numerical value 
increased from initial week to final week for teams A and D, there was no change in the 
number of requirements for teams B and C. Figure 4-14 illustrates the comparison of 
requirements with 1, 2, 3 and 4 numerical values for initial week and final week.  
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Figure 4-14 Comparing requirements with 1,2,3 or 4 numerical values 
for initial week and final week 
It can be observed that across all four teams, there is increase in the number of 
requirements with at least one numerical value. This is expected because the 
requirements become more specific as they approach the completion of the project. There 
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is also increase in the number of requirements with two numerical values for teams A and 
D. For team B, there is decrease in the number of requirements with two numerical 
values. For team C, though there is a decrease in the number of elicited requirements in 
final week (twenty in initial week to fourteen in final week), the number of requirements 
with two numerical values remains constant.   
It is interesting to note that while most teams had requirements with three 
adjuncts in the final week, none of the teams have requirements with three numerical 
values either in initial week or final week.  Further, only team C had a requirement with 
four numerical values in initial week. However, in the final week, this requirement was 
split into two requirements having two numerical values each. None of teams had any 
requirement with four numerical values in final week.  
Thus, the findings from investigating the specificity in requirements as a count of 
numerical values suggest that the specificity in requirements increases from initial week 
to final week. This is reflected by increase in the number of requirements having one or 
more than one numerical values. This is similar to the observation made while 
considering the speficity of requirements as count of adjuncts.  
Having numerical values within requirements is beneficial as the numerical values 
make the requirements measurable or testable. Further, numerical values within 
requirements are target values in most cases and thus it would be critical to meet these 
values for successful completion of the project. While the target values may not be 
established in the initial week, thus reflected through more requirements with no 
numerical values, it is desirable that the requirements have at least one target value 
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towards the completion of the projects. The findings from this case study reveal that 
while the number of requirements with no numerical values decrease in final week 
compared to initial week, there are still some requirements with no numerical values. 
This may pose significant challenge while meeting these requirements because it would 
be hard to measure whether the requirements are met or not quantitatively. So for 
instance it is hard to measure whether the solution meets the requirement – the design 
must be safe, because there is not target value and the perception of “safe” can be 
qualitative. On the other hand, the requirement – the design must withstand load of 100 
lbs is also a safety requirement but in this case whether or not the requirement is met is 
testable. Thus students should be encouraged to have at least one numerical value in the 
requirement as they approach the project completion.  
Next, the specificity of requirements met is investigated.  
4.9 Findings from Requirements met 
RQ 2.3 aims at investigating whether or not more requirements with high 
specificity were met in the final solution as compared to requirements with low 
specificity. The requirements that were explicitly met in the final solution were counted 
and recorded. The specificity of the requirements met was then investigated.  
Figure 4-15 illustrates the findings from investigating the specificity of 
requirements met while considering number of adjuncts as a measure of specificity.  First 
looking at the requirements elicited, it can be observed that all four teams have elicited a 
high number of requirements with 0 and 1 adjunct. Across all four teams, the number of 
elicited requirements with 2 and 3 adjuncts decreases.  
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Figure 4-15 Comparing specificity of requirements met as count of adjuncts 
Further, it can be observed that number of requirements met decreases as the 
number of adjuncts increase from 0 and 1 to 2 and 3. The only exception to this 
observation is team A that has most requirements met with 2 adjuncts as compared to 
requirements met with 0 and 1 adjunct. Similar observation can be made by comparing 
the average number of requirements elicited and met with 0, 1, 2 and 3 adjuncts across all 
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four teams. As shown in Figure 4-16 the average number of requirements elicited and 
met is maximum for 1 adjunct. On average, the teams have elicited fewer requirements 
that are abstract (0 adjunct) or too specific (2 or 3 adjuncts). This pattern is also seen 
while meeting the requirements in the final solution. On average, the teams have met 
fewer requirements that are abstract (0 adjuncts) or too specific (2 or 3 adjuncts).  
 
Figure 4-16 Comparing average requirements elicited and met for 
adjuncts 
With increase in the number of adjuncts, the specificity of requirement increases. 
This also means that the constraint on the design space increases [17]. This makes it more 
difficult to meet these requirements. Thus while increase in number of adjuncts make the 
requirement more specific by increasing the level of detail, increase in adjuncts also 
makes it more difficult to address the requirement by constraining the design space. 
While there are no studies currently available suggesting an adequate number of adjuncts 
within a requirement, this study begins to show that too many adjuncts within the 
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requirement might potentially jeopardize meeting those requirements. This study also 
shows that at novice designer level, requirements with 1 adjunct have the highest 
potential to be addressed in the final solution.  
Figure 4-17 illustrates the findings from studying the specificity of requirements 
met while considering the number of numerical values as measure of specificity. It can be 
observed that all four teams have high number of elicited requirements with zero and one 
numerical values. All four teams have elicited fewer requirements with two numerical 
values.  Further, it is evident from Figure 4-17 that teams have higher number of 
requirements met with zero or one numerical values. The number of requirements met 
decreases for requirements with two numerical values.  
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Figure 4-17 Comparing specificity of requirements met as count of numerical 
values 
This is similar to the observation made for requirements with two or more 
adjuncts. Thus, as specificity of requirements measured as number of numerical values 
increases, the number of requirements met decreases. This observation can also be made 
while comparing the average number of requirements elicited and met for zero, one and 
two numerical values as shown in Figure 4-18.  
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On average, the teams have maximum requirements met with one numerical 
value. Further, on average, the teams have fewer requirement met with zero and two 
numerical values.  
 
Figure 4-18 Comparing average requirements elicited and met for 
numerical value 
Studying the specificity of requirements met as count of adjuncts and numerical 
values suggest that the requirements with one adjunct or one numerical value have higher 
potential of being met in the final solution when compared to requirements with either 
less than one adjunct or numerical value or more than one adjunct or numerical value. A 
project is considered successfully complete when all the established requirements are met 
by the final solution. Since the requirements with either one adjunct or one numerical 
value have higher potential of being met, the students should be encouraged to elicit 
requirements with at least one adjunct or numerical value. Requirements that have no 
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adjuncts or numerical values and the requirements that have too many adjuncts or 
numerical values are potential red flags and may not be met.  
4.10 Findings from Requirements tracing study 
RQ2.4 aims at investigating the evolution of requirements within student teams 
and identifying specific changes within each requirement. As previously mentioned, three 
aspects are considered here 1)number of addition, deletions, changes and no changes, 
2)identifying changes in natural language requirement elements (system, necessity, 
behavior, object and condition) and 3)identifying change types as per the change 
taxonomy established in [16, 65]. 
First the findings from studying the number of additions, deletions, change and no 
change are discussed in Section 4.10.1. Section 0 then discusses the findings from 
changes in the natural language requirement elements. Finally, Section 0. discusses the 
findings from change types based on change taxonomy.  
4.10.1 Number of additions, deletions, change and no change 
The first evolution type investigated in this case study is the high level 
modification of the requirement document. This includes changes such as addition of a 
new requirement, deletion of existing requirement, changing an existing requirement or 
keeping a requirement as is. The findings are illustrated in Figure 4-19.  
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Figure 4-19 Comparing additions, deletions, change and no change 
across teams 
From Figure 4-19, it is clear that all teams have multiple types of changes in the 
requirement document. Additionally, all four teams had a very high number of ‘change’ 
indicating that the requirements changed significantly from initial weeks to final week. 
Team D had eight requirements in initial week and twenty four requirements in final 
week resulting to the most number of additions. Team C, on the other hand, had twenty 
requirements in initial week and fourteen requirements in final week resulting to the most 
number of deletions. Of the four teams, only team B has requirements with “no change”.  
These findings suggest that requirement document of novice designers’ change 
significantly from initial weeks to final weeks. Further, these changes are not just limited 
to addition of new requirements as the understanding of the problem grows but also 
include deletions and modifications of existing requirements. From the data currently 
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available, the novice designers have not stated justification for additions, deletion or 
modifications to the requirements. It is interesting to note that other documents such as 
weekly summary, presentations, mid-term and final reports that the students are required 
to submit as a part of project deliverable do not mandate providing updates on 
requirements. None of these documents require the students to provide justification for 
the changes in requirements document. Based on the findings of this case study, it is 
known that the requirement document changes significantly. If there is no justification for 
these changes, valuable information could be lost. Further, the novice designers will not 
be able to trace if a requirement was accidently deleted or added if they do have the 
documented justification for additions and deletions of requirements.  
After investigating the document level changes, the next step was to investigate 
changes in the natural language requirement elements. This is discussed in 4.10.2.  
4.10.2 Changes in natural language requirement elements 
The second evolution type investigated in this case study is tracing the change in 
natural language requirement elements [17] . This accounts for changes in the system, 
necessity, behavior/characteristics, object or condition of a requirement. Figure 4-20 
illustrates the overview of the changes in the natural language requirements elements.  
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Figure 4-20 Overview of changes in natural language requirement 
elements  
From Figure 4-20, it can be observed that all four teams had multiple changes in 
the natural language requirement elements. Most number of changes was observed in the 
‘system’ element. The least number of changes were found in the object element of the 
requirement sentences. The specific changes in the natural language elements of 
requirement sentence are discussed in the following paragraphs.  
As previously mentioned, most number of changes was observed in the system 
element. Figure 4-21 illustrates the summary of system changes for all four teams.  
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Figure 4-21 Summary of system changes 
Syntactically, system is represented by the subject within a sentence. Thus, the 
system changes also represent the change in the subject of the requirement sentence. As 
observed in Figure 4-21, of all the four teams, team A had maximum system changes 
(sixteen) while team B had the minimum system changes. Further, there were several 
types of system changes observed across the four teams. Studying the requirements 
tracking sheet for team A, it was found that the change in system essentially stemmed 
from addition of a system (subject) in the requirements within final week requirement 
document. Similar observation for made for team C where the system changes stemmed 
for addition of a system (subject) in the final requirement document. For team D, 
however, the system changes stemmed from changing the subject from ‘system’ in initial 
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week document to ‘final design solution’ in the final week document. Team B was the 
only team that showed removal of the system from one of the requirements.  
Next, Figure 4-22 illustrates the necessity changes across all four teams. The element of 
necessity within a requirement statement is syntactically represented by a modal and it 
shows the importance of the requirement [17]. 
 
Figure 4-22 Summary of necessity changes 
Necessity element of requirement changed for all teams except team D. Of the 
remaining teams, team C had the highest change in the necessity while team B had the 
lowest change in the necessity. Investigating the requirements tracking sheet for all four 
teams, it was found that for most teams, the change in necessity stemmed from addition 
of a modal such as must or should in the final week requirements document.  
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Next, the element of behavior within a requirement represents the function of the system 
or component being designed and is syntactically represented by a verb [17]. Figure 4-23 
illustrates the summary of behavior changes across all four team.  
 
Figure 4-23 Summary of behavior changes 
From Figure 4-23, it can be observed that Teams A and B had maximum changes 
in the behavior element while team C had minimum number of behavior changes.  It is 
evident that there were varieties of behavior changes within the requirements for all 
teams. Upon further investigating the requirements tracking document, it is found that 
most changes in the behavior stem from either change in the function of the system (for 
example –must “remove” excess adhesive and must “minimize” excess adhesive) or 
inconsistency in the vocabulary used to describe the function of the system (for example 
– must “provide” economic advantage and must “present” economic advantage). These 
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can be seen in Figure 4-23 as high number of application and consistency changes 
respectively. Apart from these two, the behavior changes also resulted from merging of 
two requirements, splitting of a requirement into multiple requirements and change in the 
scope or measurability of requirement.  
The next element is object and it represents what the system is affecting [17]. The 
summary of object changes is illustrated in Figure 4-24.  
 
Figure 4-24 Summary of object changes 
From Figure 4-24, it can be observed that all four teams had changes in the object 
element with team A having the most and team B having the least number of object 
changes. Similar to the changes in other elements, several type of changes were observed 
in object element. Investigating the requirements tracking sheet, it was found that most 
changes in the object of a requirement stemmed from change in the vocabulary within 
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requirements. So for instance, one of the requirement for team D changed from “the 
system must count completed spliced parts” to “The final design solution must count 
spliced O-rings”. Here the object changed from “spliced parts” to “spliced O-rings”, 
which is essentially inconsistency in the vocabulary as the completed spliced parts are the 
O-rings.  
Another change in the object of a requirement stemmed from the change in the 
application and this was observed in the requirements of teams A and B. So for instance, 
one of the requirements of team A changed from “Must handle extrusions ranging in 
diameters of 0.070” to 0.250” to “The design must form o-rings from extrusions ranging 
in cross-sectional diameter from 0.070 inches to 0.250 inches”. Here the object changed 
from “extrusions” to “O-rings” as a result of change in the application of system from 
handling extrusion to forming O-rings. Other changes in object of a requirement resulted 
from splitting of requirement, change in measurability of specificity of requirement.  
After object, the next natural language element of a requirement is condition. Of 
the five natural language elements, the second highest change was observed in the 
‘condition’ element as can be observed in Figure 4-20 which shows the overview of all 
elemental changes. The summary of condition changes is illustrated in Figure 4-25. The 
condition of a requirement changed in multiple ways for all teams. Further, it can be 
observed that condition element of requirement has most different types of changes.  
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Figure 4-25 Summary of condition changes 
Team A had the maximum while team C had minimum number of condition 
changes. Changes in the condition of a requirement are essentially changes in the 
adjuncts or complements. These describe the level of detail within a requirement [17]. 
Upon investigating the requirements tracking document for each team, it was found that 
most changes in the condition stemmed from change in the vocabulary or change in the 
specific details of the requirement. For example, condition for requirement-2 for team B 
changed from “ranging from 2 inch to 2 feet in ring diameter” in initial week to “ ranging 
from 2 inch to 24 inch in ring diameter” in final week. Here the unit changed from 2 feet 
to 24 inches. Other type of condition changes resulted from change in measurability, 
application, change in associated user, change of scope or splitting of a requirement. 
These change types are further discussed in Section 4.10.3.  
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This section describes the changes in the natural language elements of a 
requirement. Within a single requirement, the element ‘system’ represents the artifact 
being designed [17]. It is therefore a critical element of the requirement because without 
a ‘system’, the designer would not know what the requirement is for. The element 
‘necessity’ describes the importance of a requirement and would be critical to distinguish 
between a constraint and criteria [17]. Behavior indicates what the system being designed 
must do and condition adds to the level of detail of a requirement [17]. Each of these 
element is critical within a requirement and any changes must be documented with the 
justification for the change [16].  
From the case study findings discussed in this section, it is evident that the all the 
elements of a requirement change from initial week to final week and the change occurs 
in multiple different ways. Further in most cases, the change is observed across all four 
teams. Without documented justification for each of these changes, the information about 
why a particular change was made in a requirement is lost. Thus, the novice designer 
cannot track down if a change was accidently introduced in a requirement. A survey of 
design textbooks was conducted to investigate the tools pertaining to requirements [72] 
and none of the textbooks describe tools for managing the requirement changes.  
4.10.3 Change types as per change taxonomy 
The next evolution type investigated within the requirement documents was to 
trace the ‘type’ of changes as per the change taxonomy established in [16].  It may be 
noted that while the taxonomy captured all the change types occurring in student 
requirement document, not all the change types described in the taxonomy were found in 
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the requirement documents. Example of some of these change types include replacement 
of system, updating, incorrect raw data interpretation and correcting among others. Figure 
4-26 illustrates the summary of change types for all four teams.  
 
Figure 4-26 Summary of change types based on change taxonomy [16] 
Again, it can be observed from Figure 4-26 that all teams had multiple types of 
changes in the requirements. With the introduction of a new system being the most 
frequent change type. This change was observed in teams A and C as a result of addition 
of the subject in the requirements for final week. Other change types that are more 
frequently observed across all four teams include consistency, importance and specificity. 
These changes stemmed from change in vocabulary or units, addition or deletion of a 
modal and change in the specific details of requirement respectively.   
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The change types that are less frequent include application, measurability/testing 
and withdrawal of system, while the change types associated user, splitting, scope change 
and merging only occurred once. Further, the changes that are less frequent were mostly 
accompanied by other change types that are more frequent. So for instance, splitting and 
merging occurred once, but in each case they were accompanied by introduction of a new 
system.   
Some of these changes can be more critical than others and if not properly 
document can lead to information loss. For instance the change types such as splitting or 
merging involve either separating a compound requirement or uniting two requirements 
into one. This may not always lead to major change in information as it is essentially re-
writing requirements in different form. For example the requirements “(the system) Must 
handle organic and silicone adhesives” and “(the system must) apply adhesive to ends of 
extrusion” were merged into one requirement “The design must have the capability to 
apply either organic or silicone adhesive to an extrusion end” which is essentially 
conveying the same information.  
On the other hand the change types such as introduction of new system, 
importance, specificity and consistency which can alter the purpose of a requirement can 
prove to be more critical making the documentation of these changes more important. For 
example for team C, the requirement in initial document changed from “Apply controlled 
amount of organic or silicone adhesive to extrusion ends” to “The system must apply 1 
drop per square inch of organic or silicone adhesive to extrusion ends” in the final 
document. Here the team added specific detail about the “controlled amount” and thus 
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this change is specificity change. Adding information about how much adhesive 
enhanced the purpose of this requirement making this change more critical compared to 
just merging or splitting a requirement. It is interesting to note that the changes which are 
more critical are also more frequently observed in requirement documents of the teams. 
Again, if the students are not taught to identify these change types, the criticalities 
associated with the change types and appropriate tools or methods to document and track 
these changes; it can lead to potential loss of valuable information and jeopardize the 
successful completion of the projects.  
4.11 Summary of RQ2 – How are Students Using Requirements?  
RQ2 aims at investigating how are students using requirements. To that end, four 
different aspects are investigated:  1) mapping the delta in requirements to level of detail 
of final solution, 2) completeness and specificity of elicited requirements, 3) 
completeness and specificity of requirements met, and 4) tracing requirements to identify 
change types.  
Investigating the delta in requirements between student and sponsor requirements 
reveals that though working on the same project, students have different understanding of 
the design problem. While it is expected that the students have a difference in the 
understanding of the problem towards final week since all the teams are working 
independently, it is expected that they have similar understanding of the problem in the 
initial weeks. Considering only the number of requirements, three out of four teams had 
more requirements than the sponsor in the initial week. Team D, however failed to 
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identify the requirements established by the sponsor. This shows a lack of uniformity and 
systematic methodology of eliciting and documenting requirements between teams.   
Further, mapping the delta in requirements to the level of detail in the final 
solution, it was found that the team with consistent delta had a high level of detail in the 
solution. The teams with changes in the delta from initial week to final week had medium 
level of detail in the final solution. This shows that inconsistencies in understanding the 
problem or realizing the project requirements much later in the process could jeopardize 
the level of detail in the solutions.  
Next, the completeness and specificity of requirements in initial week and final 
week are investigated. While completeness is measured considering linguistic 
components of requirements such as subject, modal and verb phrase, the specificity is 
measured as a count of adjuncts and numerical values within requirements [17]. The 
findings from completeness study suggest that the completeness of requirements 
increases from initial weeks to final week. This is expected because the understanding of 
the problem increases as the students’ progress in the design project.  
Similar observation is made while investigating the specificity in requirements. 
From initial weeks to final weeks, the specificity in requirements increases as indicated 
by increase in number of requirements with more adjuncts and numerical values. Again, 
this is expected as with the progress in the design process the requirements become more 
specific. It can also be inferred from this that as the requirements become more specific, 
the designers are approaching the end of the project. One the other hand, if the students 
are approaching the end of project according to the timeline, but have poor specificity in 
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the requirements, it could potentially mean that the students may not complete the design 
project successfully. This then, leads to the recommendation that the students must be 
taught to use completeness and specificity as measure of approaching project completion 
internally within their teams.  
Next, the specificity of requirements met in the final solution was investigated. 
The findings reveal that the requirements that had low adjunct or low numerical value 
were met more frequently compared to more specific requirements (having three or more 
adjuncts or 2 or more numerical values). While it is desired that the level of detail in the 
requirements increases towards the end of the project, more specificity in the 
requirements may constraint the design space too much making it challenging to meet 
those requirements in the final solution.  
Finally, the changes within the requirement document of novice designer were 
investigating. The findings suggest that the requirements document of novice designer 
changes in multiple different ways. The change occurs at document level in terms of 
additions and deletions of requirements and at micro level in terms of change in the 
specific elements of requirements. In current practice, the novice designers are not taught 
tools that would help them manage these changes. This could lead to loss of potential 
information about project requirements.  
The takeaways from the case study to investigate how students are using 
requirements are summarized below: 
• Currently, the students do not seem to have knowledge about formal methods of 
eliciting and documenting requirements. Teaching the students appropriate tools 
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and methods to formally elicit requirements will increase the likelihood of project 
success as this will be reflected in the increased level of detail of final solution. 
• Completeness and specificity increase towards the completion of the project. 
Students can be introduced to the completeness and specificity aspects of 
requirements and can be taught to use these as an internal measure of project 
completion. Further, increasing the specificity of requirements by adding 
appropriate numerical values also make the requirement measurable or testable.  
• While increase in specificity is desired to have appropriate level of detail in a 
requirement, a requirement that is too specific can constrain the design space 
unnecessarily. Students can be taught to identify requirements with too many 
adjuncts or numerical values as requirements that may potentially not be met.  
• Requirements document of novice designers change from initial week to final 
week and the change occurs in multiple different ways in multiple different 
requirement elements. Currently, there is no system in place that would allow the 
novice designers to track or manage these changes. No tools are found in design 
textbooks that educate the novice designers about managing requirement changes. 
It is strongly recommended that students are educated about the requirement 
changes and potential dangers of not managing them well. Perhaps the 
requirement update sheet used to collect data for this case study can serve as 
starting point in this direction.    
While, only one capstone project was investigated in this case study, the findings 
can be extended to other projects because the students are taught follow a similar design 
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process and practices irrespective of the design problem given to them. However, there 
are several limitations associated with this case study and these are explained in section 
4.12. 
4.12 Limitations of the Case Study  
The case study was conducted with single capstone design project consisting of 
four teams working simultaneously to solve the design problem at hand. As previously 
mentioned, while the findings can be extended to other capstone design projects, there are 
several limitations of this case study.  
Several case studies are conducted using the information generated by students 
[41, 43]. However, few of these studies require the subjects under study to generate the 
data that they would otherwise not generate as a part of natural process. For the purpose 
of this case study, the elements under study –the students, were asked to collect the data 
in the form of requirements update sheet. While the students are asked to generate 
documents such as weekly summary, power-point presentation and mid-term and final 
reports as a part of course requirement, they are not required to generate weekly 
requirements update document. Thus, asking the students to collect the data by 
submitting the weekly requirements update sheet may alter the natural project execution 
behavior of the students leading to potential bias in the study.  
Historical case studies have been conducted by several researchers [39, 73, 74] 
where they investigate the information already generated in completed projects to answer 
the research questions. Studying historical data allows mitigating the bias in the study 
because the researcher is not required to interfere in the natural execution process.  
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Conducting a historical study to investigate how students use requirements would be 
challenging as none of the documents currently generated by the students capture the 
weekly requirement updates required for this study.  
One way to address this is to conduct the case study by having the researcher act 
as a passive participant in the project and thus collect the data through observations [43, 
42]. Having the researcher as passive observer could be beneficial as it would provide 
contextual information however; the data collected could potentially be subjective [75] 
and thus biased. Again, there is a possibility of altering the natural behavior by adding an 
external observer in the project.  
The findings from this case study reveal the potential benefits of using a tool or 
method to track the requirement changes. While not currently required, the students can 
be mandated to submit the requirement update sheet as a weekly deliverable for the 
project in addition to the executive summary and presentations. This would be similar to 
the process followed in several industries.  
Thus, using the requirements update sheet will have several benefits. First it will 
allow the students to manage and track requirement changes. Second, it will train the 
students for the practices followed in industry. Finally, it will allow future researchers to 
collect the data to study requirements without intruding in the natural process.  
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CHAPTER FIVE: WHAT IMPACT DO REQUIREMENTS HAVE ON OUTCOMES- 
A DESIGNER STUDY 
5.1 Study Objective and Overview 
The goal of conducting the designer study is to explore and understand the 
influence of requirements elicitation activity on idea generation.  Specifically, the focus is 
on the type and number of requirements elicited and number of requirements addressed in 
the design solution.  Currently, it is not clear to what extent the designer involvement in 
requirement elicitation and definition affects idea generation.  It is important to develop 
this understanding, as this knowledge can then be used to develop systematic guidelines 
for use of requirements in idea generation activities and tools.  Further, if a positive 
correlation is observed between the designers’ involvement in requirements elicitation 
and the idea generation activity, it could lead to the need for integrated design team 
activities in the problem definition stage.  Thus, this leads to research question – What 
impact do requirements have on outcomes? Table 5-1 illustrates the summary of sub-
questions and hypothesis.  
Table 5-1 Summary of sub-questions and hypothesis for RQ3 
Research Question Hypothesis 
RQ3.1 When assigned the task of eliciting 
requirements, what types of requirements are 
elicited by novice designers? 
H3.1 When assigned the task of eliciting 
requirements, mostly functional 
requirements are elicited by novice 
designers 
RQ3.2 Does the involvement of designer in the 
task of elicitation impact the number of 
requirements addressed by them?  
H3.2 Involvement of designer in the task 
of elicitation will lead to more number of 
requirements addressed by them. 
RQ3.3 Does having a list of requirements cause 
fixation when addressing more requirements? 
H3.3 Having a list of requirements will 
cause fixation when addressing more 
requirements. 
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To answer this research question, a designer study was conducted with three 
groups:  1) 0(yes)-Group - Requirements elicitation group, 2) 5(yes)-Group - Partial 
requirements elicitation group, and 3) 10(no)-Group - Control group or no elicitation 
group.  Table 5-2 provides an overview of the experimental conditions for each group.  
As can be seen in Table 5-2, the 0(yes)-Group will only be given the problem 
statement and will be tasked with eliciting the requirements and developing concepts.  
The 5(yes)-Group will be given the problem statement and some requirements. Using this 
information, they will be tasked to elicit more requirements and generate concepts.  
Finally, the 10(no)-group will be provided with the problem statement and the full set of 
requirements.  Their only task will consist of generating the design concepts.  
 Table 5-2 Summary of experimental Groups  
Groups 
0(yes)-Group  
Requirements elicitation 
group 
5(yes)-Group - Partial 
requirements elicitation 
group 
10(no) Group - Control 
group.  
Condition Given only problem 
statement 
Given problem statement 
and some requirements. 
Given problem statement 
and list of requirements 
Procedure 
Brief 
• Given 5 minute to 
read and understand 
instruction and ask 
questions 
• Given 10 minutes 
understand problem 
and elicit 
requirements 
• Generate ideas – 20 
minutes 
• Given 5 minute to 
read and understand 
instruction and ask 
questions 
• Given 10 minutes 
understand problem 
and elicit 
requirements 
• Generate ideas - 20 
minutes 
• Given 5 minute to read 
and understand 
instruction and ask 
questions 
• Give 5 minutes to 
understand problem 
and requirements 
• Generate ideas -20 
minutes 
The remainder of this chapter provides details associated with the participants, the 
design problem, and the experimental execution procedure for each group.  
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5.2 Participants 
The participants for this study consisted of senior level mechanical engineering 
students from ME-402 class.  These students are selected for this study as they would 
have acquired the necessary formal design education in terms of their familiarity with 
process of requirements elicitation and idea generation.   
A total of forty five students participated in the study with fourteen students in 
10(no) group, fifteen students in 0(yes) group and sixteen students in (5(yes) group. The 
participants performed the design task individually.  While the case study is focused on 
understanding the requirements elicitation in design teams, the focus of the designer 
study is primarily to understand requirements elicitation primarily by individual 
designers, thus the students performed the design task individually.   
The students were not awarded any extra credits or reward for their participation.  
Awarding extra credit or rewards for participation can lead to possible bias in the quality 
of solutions generated by the students [76].  This can skew the experiment results and 
thus in order to avoid this bias no extra credit will be awarded.   
The experiment was performed in the regular class setting.  The environment in 
which the experiment is conducted can have a significant effect on the results [76].  The 
environment that is familiar to the population, such as the classroom, lab, or office may 
be more conducive than unfamiliar environment.  The factors such as ambient noise, 
light, surroundings can also influence the experiment.  While, external factors such as 
ambient noise are out of control, conducting the experiment in familiar environment such 
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as the classroom can help to reduce the bias and therefore the experiment was conducted 
in the regular class setting.  
Further, the students were randomly selected making sure that there is roughly the 
same number of students for testing each of the three conditions [76, 77, 78].  It may be 
noted here factors such as gender, individual skills, knowledge and experience can cause 
bias in the results; however investigating the bias due those factors is out of scope for this 
experiment.  
5.3 Designing a Problem  
Selecting an appropriate design problem is a critical aspect of conducting a 
designer study because factors associated with design problem such as scope and 
description of the problem can significantly influence the experimental results [76].   
A common design problem was given to all the participants for the study. Figure 
5-1 illustrates the peach picking design problem assigned to all the participants for the 
study.  
People in wheel chair have a very limited range of reach especially for heights. 
With this limitation, they cannot experience pleasures such as that of picking 
peaches in summer.  Design a device that will allow users in wheel chair to 
experience the joy of picking peaches from the tree and collect it in a basket while 
still in the wheel chair. The device must be manually operated and prevent damage 
to the fruit while picking it. The fruit should not fall on the ground while picking. 
Figure 5-1 Peach picking design problem 
In addition to the design problem, the participants of 5(yes) and 10(no) group 
were given a set of requirements, these can be found in Table 5-3. 
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Table 5-3 Requirements given to NE and PR groups 
Requirements NE-
group 
PR-group 
The device must reach heights in the range of 8 to 10 
feet while used by a person in wheel chair. X X 
The device must allow the user to pick multiple fruits at 
a time.  X X 
The device must grasp the fruit. X  
The device must hold the fruit until the fruit is put in the 
basket.  X  
The device must provide an indication to the user when 
the fruit has been picked.  X  
The forces required to operate the device must be within 
the upper body strength of a person in wheelchair.  X X 
The device must be safe to use.  X  
When not in use, the device should fit in 4 feet by 3 feet 
storage space.  X X 
The device must not be made of corrosive materials.  X  
The device must not cost more than $ 50. X X 
The peach picking problem was selected by considering few criteria which are 
discussed below: 
1. The problem should be within the knowledge domain of senior level mechanical 
engineering students; however it should not be a familiar problem. Familiarity 
with the design problem may result to bias when generating design concepts [79, 
80] .While familiarity of the design problem will not be explicitly measured, it 
will be ensured that solution to the problem currently does not exist in real world 
[80]. Some examples of such problems are designing an automatic clothes ironing 
machine [79]  or automatic burrito folding machine [80]. While most students are 
familiar with the process of ironing clothes or folding a burrito, there is no 
solution currently available in the market for these problems. Thus, although the 
problems fall within the knowledge domain, the students are not familiar with the 
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solution to the problem. Similarly, while most students are familiar with the 
process picking peaches from the trees, there is no solution currently available in 
the market for this problem. Thus, although the problem falls within the 
knowledge domain, the students are not familiar with the solution to the problem. 
2. The problem should be appropriately represented to avoid any gender bias.  In 
order to fulfill this, the gender of the customer was not explicitly mentioned in the 
description of the design problem. It was left to the interpretation of the designer. 
Further, both male and female participants would be familiar with and may have 
experienced the process of picking a fruit from a tree. Thus, precautions were 
taken to avoid gender bias through the representation of the problem.  
3. The problem should be based on the real need as this will motivate the students to 
solve it [78]. This will be achieved by describing a customer story and 
establishing a need for designing solution through the problem statement 
description. This was achieved by describing the customer, the limitations at the 
customer end and establishing a need for designing solution through the problem 
statement description. 
4. It is necessary that the students are able to solve the problem in the stipulated 
time. If the problem is too complicated to solve in the given time, it may lead to 
insufficient data for the experiment. A pilot study was conducted to ensure that 
the students will have sufficient time to solve the problem.  
5. It is essential that the problem allows for a possibility of generating many 
concepts. This will aid in gathering sufficient data from the study. Again, a pilot 
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study was conducted to ensure that the problem allows for generating at least 
more than 5 concepts.  
6. Since one of the goals is to study the requirements elicited by students, the design 
problem should allow for elicitation of requirements. In order to verify that the 
given problem allows for eliciting requirements, a pilot study was conducted with 
members of CEDAR lab. For this study, the participants were provided with 
sample design problems and the peach picking problem was selected as it allowed 
for eliciting at least ten requirements will be selected.  
Some of the examples of design problems used in other user studies in literature 
are provided in Appendix B:. Next, the execution procedure for the experiment is 
discussed in section 5.4 
5.4 Execution Procedure 
On the day of the experiment, the students were introduced to the study during 
their regular class time. As previously mentioned the environment in which the 
experiment is conducted can have significant influence on the experimental results. 
Familiar environment such as location and time is preferred over unfamiliar environment 
to avoid any bias and therefore the experiment was conducted in the regular class location 
and time. The execution of the experiment included the following steps: 
1. First, the students were given general instruction about the execution of the 
experiment.   
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2. Students were then randomly assigned to three different and equally balanced 
groups. .  
3. Design packets were then distributed to students. These design packets are 
described in detail in Section 5.5  Once all students have a packet, they were 
asked to open it and read the instruction sheet.  The students were allowed to ask 
clarification questions.  They had five minutes to do so. Pilot study indicates that 
five minute time period is sufficient for students to read and understand the 
instructions.  
4. A. 0(yes) and 5(yes) groups had 35 minutes to complete the given design task.  
This included reading the instructions and asking clarification questions (5 
minutes), understanding the given problem and eliciting requirements (10 
minutes) and generating concepts (20 minutes).  
NE group had 30 minutes to complete the given design task. This included 
reading instructions (5 minutes), understanding the design problem (5 minutes) 
and generating concepts (20 minutes). The timeline of the experiment for all three 
groups is illustrated in Figure 5-2.  
5. The students were notified of the remaining time at the end of reading instructions 
and asking questions, problem understanding and requirements elicitation and 
idea generation. 
6. At the end of idea generation, the students were instructed to stop ideation and 
complete exit surveys.  There was no time limit on the survey; however it was 
designed for completion in 5 minutes. A sample survey is shown in Appendix C:.  
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Figure 5-2 Timeline for different experimental groups 
The data collected from this experiment will primarily consist of the following: 
• List of requirements elicited by students from 0(yes) and 5(yes) groups.  
• Solutions generated by the students from all three groups. A sample sheet that 
provided to the students for documenting their ideas is illustrated in Appendix D: 
• Completed exit survey.  
A detailed discussion on how this data will be used to answer each sub-question 
of  RQ3 is provided in Section 5.6. 
5.5 Details of Design Packet 
Each student received a design packet at the beginning of the experiment. This 
design packet included instruction sheet, details of design task, sheets with space 
provided for documenting ideas. A survey was provided to each student at the end of the 
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experiment. Each of these items were of a different color so for instance instruction sheet 
will be blue, problem sheet will be green and so on. This helped to ensure that the 
students are looking at the correct sheet according to the experiment timeline. Further, 
students in each group received a different design packet.  The specific details of design 
packet for each group are discussed below. 
5.5.1 0(yes) Group 
The design packet for 0(yes)-Group included the following: 
• A colored instruction sheet- The instruction sheet was uniquely colored to ensure 
that the students are only looking at the instruction sheet and no other document 
from the packet. This is critical for the timeline of the experiment. So for instance, 
in the time allotted for reading the instructions, if the students look at the problem 
sheet, this will lead to additional time for understanding the problem and 
ultimately lead to biased results. Therefore to avoid this bias, each of the items in 
design packet was uniquely colored. 
• A colored problem statement and colored requirements checklist to aid 
requirements elicitation. The goal was to provide some motivation to students for 
eliciting requirements. Using a checklist will encourage the students to think 
about different types of requirements and thus a checklist is selected over other 
tools since it helps to fulfill the goal. A sample requirements elicitation sheet is 
provided in Appendix E: 
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• Ten ideation sheets containing concept number, space for concept name, and 
space for generating ideas. Observations made from pilot study indicate that ten 
ideation sheets are adequate as none of the students were able to generate more 
than ten ideas.  
• Exit survey 
The students were asked to read the instruction sheet first.  As per the instructions, 
the students then read problem statement and elicited requirements for first 10 minutes.  
The instructions encouraged students to use the checklist but it was  not mandated and the 
students were free to elicit requirements that do not fall under category listed on the 
checklist.  The checklist is provided to help students with the elicitation process.  
At the end of 10 minutes, the students started the idea generation on the ‘ideation 
sheet’.  The students were free to express their ideas either in words or sketches.    Space 
was provided for students to write their initials. This helped to ensure that the sketches 
are from the same student.   The ideation sheets were sequentially numbered to keep track 
of number of ideas generated by each student.  Each student received ten ideation sheets, 
but more were provided on request. However, none of the students required more than ten 
sheets.  
At the end of 20 minutes of ideation, the students were asked to end ideation and 
complete the exit survey.  The students were asked to write their initials on the survey.  
This was done to facilitate the mapping of the survey results to the experiment results.  
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5.5.2 5(yes) Group 
For the partial requirements elicitation group [5(yes) group], the design packet 
included the following: 
• A colored instruction sheet 
• A colored problem statement, partial list of requirements and checklist to aid 
elicitation of more requirements 
• 10 ideation sheets containing concept number, space for concept name, and space 
for generating ideas.  
• Exit Survey.  
The experimental procedure followed by partial requirements elicitation group 
was similar to that followed by requirements elicitation group as discussed in Section 5.4. 
The only difference is that this group will be given some requirements in addition to the 
problem statement unlike 0(yes) group which had no requirements at all.  
5.5.3 10(no) Group 
For control group, the design packet included the following: 
• A colored instruction sheet 
• the problem statement and list of some requirements 
• 10 ideation sheets containing concept number, space for concept name, and space 
for generating ideas.  
The students were asked to read the colored instruction sheet first. As per the 
instructions on colored sheet, the students then read understood the problem statement 
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and requirements.  Since the control group students were not required to elicit 
requirements, they were only given five minutes time to read and understand the problem 
and requirements. At the end of five minutes, they were instructed to start ideation. As 
previously mentioned, the students were free to express their ideas either in words or 
sketches. They had 20 minutes for generating ideas. At the end of idea generation, the 
students were asked to fill out exit survey.  
Next, section 5.6 discusses the analysis of collected data to answer RQ3.  
5.6 Data Coding to Support Analysis 
After collecting the data from the experiment, the next step was to analyze the 
data to answer the research question. The collected data consisted of the requirements 
elicited by the students of 0(yes) and 5(yes) group and the solutions generated by the 
students of all three groups. In order to analyze this data, it was necessary to refine and 
code the collected data.  
First, the requirements elicited by the students were refined and coded into 
functional and non-functional.  The details of the same are explained in section 5.6.1. 
Then section 5.6.2 explains the details of extracting the unique requirements against 
which the solutions were compared. Finally, section 5.6.3 explains the protocol for 
analyzing the design solutions.  
5.6.1 Analysis for Type of Requirements Elicited 
The goal of RQ 3.1 is to investigate the type of requirements elicited by novice 
designers (students) when assigned with the task of eliciting requirements.  As a first step 
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for analyzing the typology, the requirements elicited by the students were transcribed 
from the handwritten text to electronic documents without any editing. However, not all 
requirements elicited were complete meaningful sentences as several were either missing 
one or more of a subject, verb, and object.  Thus, a protocol was designed to refine the 
raw data. 
5.6.1.1 Protocol for data refinement 
As previously mentioned, the goal of a data refinement protocol is to refine the 
raw requirements data obtained from the experiment.  Here, raw requirements refer to the 
requirements elicited by the students of 5(yes) and 0(yes) groups.  The need for refining 
the raw requirements arises from the fact that not all student requirements were complete 
meaningful sentences.  Some requirements were phrases, some were questions, and some 
were compound sentences.  Thus, it was necessary to refine and recompose these 
requirements into complete meaningful sentences so that further analysis could then be 
performed on that data.  Table 5-4 illustrates an example list of student requirement and 
the corresponding refined list of requirements.  Column 2 in Table 5-4 shows student 
requirements; these are requirements written as-is as elicited by the student.  Column 3 in 
Table 5-4 shows refined requirements; these are requirements derived from student 
requirements using the data refinement protocol.  The protocol for deriving the refined 
list of requirements is discussed next using each requirement in Table 5-4 as example.  
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Table 5-4 Example of requirements 
  Student requirement Refined list 
Req-1 The device should require 
minimal assembly 
The device should require 
minimal assembly 
Req-2 Must be movable from tree to tree 
(The device) must be movable 
from tree to tree 
Req-3 Force Word –not considered 
Req-4 The device must require 1PM per year Ambiguous –Not considered 
Req-5 
Must operate through harvest 
season with minimal 
maintenance 
(The device) must operate 
through harvest season 
(The device must require) 
minimal maintenance 
Req-6 Is the device light weight? The device must be light weight 
The following steps were followed for refining the data: 
• The requirements that were complete sentences were considered as-is for the 
analysis.  For example, the requirement “The device should require minimal 
assembly” is a complete sentence, thus it was considered as is in the refined list.  
 
• Some requirements were elicited as phrases.  These phrases were re-written to 
form complete sentences by adding appropriate subjects or objects. So for 
instance, the requirement “Must be movable from tree to tree” was re-written as - 
(The device) must be movable from tree to tree.  Here, the subject ‘The device’ 
was added to complete a meaningful sentence.  
Req-1: The device 
should require minimal 
assembly 
Req-1: The device 
should require minimal 
assembly 
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• Some students only had single words as requirements such as “forces” or 
“materials”.  While the words give a general idea that the students were thinking 
about those categories, they do not specifically state what the requirement is.  
Further, the requirements that are only words cannot be classified into functional 
or non-functional.  Additionally, there were other requirements that were 
ambiguous. Thus, these “requirements” were not considered for this analysis.  
• Since one of the goals of this study is to compare the number of functional and 
non-functional requirements elicited between 5(yes) and 0(yes) groups, it was 
essential to split the compound requirements.  This will ensure that the numbers 
of requirements are counted correctly.  Thus, the compound requirements were 
split into simple requirements. So for instance the requirement –“Must operate 
through harvest season with minimal maintenance” was re-written as two 
different requirements – 1) “(The device) must operate through harvest season” 
and 2) “(The device) must operate with minimal maintenance”. 
Req-2: Must be 
movable from tree to 
tree 
Req-2: (The device) 
must be movable from 
tree to tree 
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It may be noted that while splitting the compound requirements, some contextual 
information may be lost, but this loss is out of scope for this research.  So, in the above 
example, when the requirement elicited by the student is split in two different 
requirements, the relation between the two requirements is lost as the requirement – ‘(The 
device) must operate through harvest season’ does not indicate that the device must also 
require minimal maintenance while doing so.  This was the original intent of the 
requirement elicited by the student which is lost when the requirement is split. 
• Some students had requirements framed as questions.  These questions were 
restructured as requirement sentences.  
For example, requirement such as – “Is the device lightweight?” was restructured as 
requirement statement and re-written as “The device (must be) light weight”.  
 
Following the data refinement protocol, all requirements elicited by students of 
5(yes) and 0(yes) groups were re-written to form the refined list of requirement.  Table 
Req-5: Must operate through 
harvest season with minimal 
maintenance. 
Req-5a: (The device) must 
operate through harvest 
season 
Req-5b: (The device) must 
operate with minimal 
maintenance 
Req-6: Is the 
device lightweight? 
Req-6: The device 
must be light weight.  
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5-5 illustrates the summary of number of each transformation for 5(yes) and 0(yes) 
group.  
Table 5-5 Summary of requirements transformation 
Group Completions Deletions Compound split Questions Reformulated 
5(yes) 112 2 30 0 
0(yes) 117 11 35 11 
Each requirement in the refined list was then coded into functional and non-
functional.  The protocol for coding the requirements into functional and non-functional 
is discussed in Section 5.6.1.2.  
5.6.1.2 Protocol for coding into functional and non-functional 
The goal of RQ 3.3 is to compare the number of functional and non-functional 
requirements elicited by students of 5(yes) and 0(yes) group.  Thus, a protocol was 
developed to code the refined requirements in to functional and non-functional.  
Requirements were classified as functional requirements if they satisfied one of the 
following definitions or rules: 
• The requirement indicates what the system or product must do. The requirement 
includes transformative or active verb. For example-the device must pick at least 
two fruits at a time.  Here the requirement indicates what the device must do – 
“pick at least two fruits” and thus it is coded as functional.  
• The requirement indicates the functions that system performs on itself.  For 
example, the device must collapse to fit in storage space indicates that the device 
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“must collapse” which is a function that the device performs on itself.  Thus, the 
requirement is be coded as functional.  
• The requirement indicates the functions that system must not do.  For example, 
the device must not damage the fruit indicates a function that the device must not 
do –“must not damage fruit” and is thus coded as functional.  
• Requirement indicates functions that user can perform using the system.  For 
example, the device must allow user to pick multiple fruits at a time indicates a 
function that user can perform, “must allow user to pick”, and is thus coded as 
functional.  
• The requirement indicates functions that the user can or cannot perform.  For 
example, the user must not leave the wheel-chair indicates that the user cannot 
“leave wheel-chair”, a function, and thus it is coded as functional.  
While a requirement that is not coded as functional could be assumed to be non-
functional, a separate coding scheme is provided to ensure that requirements are 
independently non-functional requirements.  The requirements were coded as non-
functional if they satisfied at least one of the following definitions or rules: 
• The requirement defines the existence of the system or product.  For example, the 
design must have two wheels defines what the system must have and this is coded 
as non-functional. 
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• The requirement defines the properties of the system or product.  For example, 
the device must fit in 4 feet X 3 feet storage defines a size property for the 
system. 
• These requirements typically indicate something that the device must/must not 
have.  For example, the device must not have sharp edges describes properties 
that are excluded from the solution.  Alternatively, the device must not be 
harmful to the user describes a characteristic of the system. 
• The requirement indicates the characteristics the user must have.  For example, 
the user must have upper body strength indicates the characteristic of “upper 
body strength” that the user must have in order for proper operation and thus 
would be coded as non-functional.  
Requirements elicited by students of 0(yes) and 5(yes) groups were classified into 
functional and non-functional following the protocol discussed in Section 5.6.1.2. All 
requirements were classified by the researcher. In order to verify the robustness of the 
protocol, two additional raters classified 54 requirements into functional and non-
functional. Inter-rater reliability was tested using Joint probability agreement and 
agreement between the raters is AB= 0.81, AC = 0.85, BC = 0.72 and ABC = 0.7. An 
agreement of 0.7 is considered as acceptable and since all the values are above 0.7, the 
protocol of classifying into functional and non-functional is considered robust and further 
analysis is performed.  
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5.6.2 Protocol for Extracting Unique Requirements 
In order to compare the solutions against requirements elicited by students, a list 
of unique requirements was created.  In this study, the students of 0(yes) and 5(yes) 
groups elicited requirements.  However, there was some overlap in the requirements 
elicited by the students.  A protocol was developed to eliminate the repeated requirements 
and while creating a list of unique requirements.  The solutions can then be compared 
against this list of unique requirements to understand the effect of designer involvement 
in problem definition on the extent of requirements addressed.  
A total of 167 requirements were elicited by students of 5 (yes) group while the 
students of 0(yes) group elicited a total of 182 requirements.  The requirements elicited 
by students were listed in evaluation sheet.  Several strategies were used to identify 
similar requirements and eliminate them so that a list of unique requirements could be 
created.  These strategies are discussed below: 
• Same requirements – Requirements elicited by some students were exactly the 
same.  These requirements were grouped together and only one of the 
requirements from each group was considered.  
• Key word identification – Key words were used to identify similar requirements.  
The requirements having the same key words were grouped together and only one 
requirement from the requirements with same key word was considered in the list 
of unique requirements.  For example, consider the requirements device must 
allow for use of upper body strength and forces to operate the device must be 
within upper body strength of a person.  These two requirements are considered 
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similar with “upper body strength” as key word phrase and only one of the two 
requirements is considered in the list of unique requirements.  It may be noted that 
the key words were considered within context.  Thus, the requirements having the 
same key words were also compared to see that they were conveying the same 
meaning.  
• Synonyms – Another strategy used to identify similar requirements is comparing 
requirements for synonyms.  For example, consider the requirements the device 
must be manually operated and the device must be human powered.  These two 
requirements are similar with ‘manually operated’ and ‘human powered’ as 
synonymous.  Again, the synonyms were considered within context and the 
requirements were compared to make sure that they convey the same meaning.  
• While considering the unique requirements, target values were not used to 
differentiate requirements.  Thus, the requirement the device must cost 50 dollars 
was considered similar to the requirement the device must cost 20 dollars and 
only one of the two requirements was in the list of unique requirement.  Here 
‘cost’ is the critical aspect.  It may be noted that the solutions are analyzed for 
whether or not a particular requirement is addressed, not how well it the solution 
could meet the target value.  Further, whether or not a requirement is met is not 
considered for this study and reserved for future research.  Thus, the target values 
are not critical to this research.   
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Considering the strategies discussed above, the requirements with same key 
words or synonyms were grouped together.  Table 5-6 shows the number of reductions 
made using each of these strategies for 5(yes) and 0(yes) group.  
Table 5-6 Summary of number of strategies applied 
Group Keyword Synonyms Exact Same 
5(yes) 66 13 8 
0(yes) 57 23 12 
Following the above strategies, the number of unique requirements extracted from 
5(yes) and 0(yes) group are respectively seventy five and eighty. After extracting unique 
requirements for 0(yes) and 5(yes) groups, the two lists was compared following above 
strategies to extract the unique requirements.  Thus, a list of 123 unique requirements was 
extracted from the requirements elicited by students of 0(yes) and 5(yes) groups.  A 
complete list of unique requirements can be found in Appendix F:  
5.6.3 Protocol for analyzing design solutions 
The aim of RQ 3.2 is to investigate whether or not designer’s involvement in 
eliciting requirements affects the number of requirements addressed in the design 
solutions.  In order to be able to do so, it was necessary to identify the means in the 
solutions developed by the students that address a particular requirement.  Again, these 
are means that address the requirement but that may or may not meet the requirement.  
As shown in previous research, low levels of fidelity of representations are suitable for 
determining whether a requirement might be met by the solution, but they cannot support 
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the converse in that the requirement is not met [81, 82].  Therefore, the addressment 
condition is used, rather than trying to evaluate how well a concept meets a requirement. 
For this designer study, the students are not limited to sketches in documenting 
their solutions, thus both sketches and textual descriptions are considered for analysis.  
The solution must explicitly address at least one requirement to be considered for further 
analysis.  So the solutions such as “Pay a person to pick fruit” or “beaver” were not 
considered for analysis.  In the study, the students were explicitly asked to limit one idea 
per sheet, thus multiple sketches on the same sheet were considered as one solution.  
Further, if the student had the same idea with more details drawn on new sheet, it was 
considered as a different solution.  
A total of 155 solutions were analyzed against 128 unique requirements.  For 
analyzing the solution, an evaluation table is used (Figure 5-3) for tracking and coding 
purposes.   
The first column of the table indicates the requirement code number. The 
requirement code indicates whether a requirement was embedded in the problem, given 
in the list or elicited by the student. Thus, P2, P3 etc. refer to the requirements embedded 
in the problem statement. The second column captures the requirement itself.  The 
solution code indicates the identification of the solution to be analyzed against each 
requirement.  This identification number corresponds to unique student identifier and the 
sketch number.  So, the identification code of 5(Y)-B-3 refers to sketch number 3 for the 
student B of 5(yes) group.   
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Requirement 
Code Requirements 
Solution Code 
5(Y)-A-1 5(Y)-B -3 … 
Means Means  
P2 
The device must allow the 
disabled in wheel chair to 
collect peaches in basket 
while still in the wheel chair     
 
P3 The device must be manually 
operated.     
 
P4 
The device must prevent 
damage to the fruit while 
picking it.     
 
P5 The fruit should not fall on the ground while picking     
 
……..  
  
 
Figure 5-3:  Snap shot of tracking table for solution analysis. 
The solution was compared against the requirement and the means was populated 
in the cells of sheet. Here means refers to the solution fragment that addresses a 
requirement. Again, since the students were not limited to sketching, the solution 
fragment could be a sketch fragment or text fragment. If a solution did not have a means 
to address a particular requirement, ‘0’ was entered in the cell. Figure 5-4 shows snap 
shot of completed tracking table with means populated for a solution. 
Requirement 
Code 
Requirements 
Solution Code 
5(Y)-B -3 
Means 
P2 
The device must allow the disabled in 
wheel chair to collect peaches in basket 
while still in the wheel chair 
 Sliding Pole 
P3 The device must be manually operated. String mechanism 
P4 
The device must prevent damage to the 
fruit while picking it. 
 Mesh cup 
P5 
The fruit should not fall on the ground 
while picking 
 Mesh cup 
……..   
Figure 5-4 Snap shot of completed tracking table. 
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In addition to populating the means in the tracking tables, the means were also 
circled on the sketch and the requirement code that the means addressed was written.  
Figure 5-5 shows an example of analyzed solution sketch.  It may be noted that the means 
populated the tracking table in Figure 5-4 are circled in the sketch.  
 
Figure 5-5 Example of analyzed solution 
To ensure that all the sketches are analyzed uniformly, an analysis protocol was 
created to identify means for each of 128 requirements. Figure 5-6 illustrates a snap shot 
of guidelines for identifying means.  This detailed protocol can be found in Appendix F:.  
The protocol was followed while populating the means for all 155 sketches.  After 
identifying means addressing the requirements for all sketches, number of requirements 
P2 
P3 
P4, P5 
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addressed per sketch was counted.  These numbers are then used to compare for the 
extent of requirements addressed for each group.   
Requirement-
code
 
Requirements (Embedded in 
problem statement or given to 
students)
 
Guidelines for identifying means
 
P1
 
The device must allow the 
disabled in wheel chair to 
experience the joy of picking 
peaches from the tree.
 
The solution must have indication 
of allowing user to pick the fruit 
from tree. For example a ramp that 
allows user to touch fruit 
P2
 
The device must allow the 
disabled in wheel chair to collect 
peaches in basket while still in 
the wheel chair
 
The solution must indicate that the 
user does not require to get out of 
the chair in order to pick the fruit. 
For example extendable arms that 
allow to pick fruit, 
P3
 
The device must be manually 
operated.
 
The solution must have indication 
of use by hand such as lever or gear 
system, must not have automation 
P4
 
The device must prevent damage 
to the fruit while picking it.
 
The solution must not have sharp 
edges or grips that could damage 
the fruit.  
P5
 
The fruit should not fall on the 
ground while picking
 
The solution must indicate a means 
that prevents the fruit from falling 
to the ground. This could some sort 
or guard or basket that prevents 
the fruit from falling 
Figure 5-6 Snap shot of guidelines for identifying means 
In order to test the robustness of the protocol, inter-rater reliability test was done 
using joint probability agreement. Two additional raters coded three sketches against all 
unique requirements and agreement between the raters was AB = 0.66, AC = 0.70 and 
BC=0.66.  For the purpose of this research, value of 0.6 was considered acceptable. It 
may be noted that this value is on the lower side of the acceptable range, thus there is a 
scope of improvement in the protocol. The findings from this analysis are discussed in 
Section 5.8. 
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5.7 Findings from type of requirements (RQ3.1) 
RQ 3.1 aims at investigating the type of requirements elicited by novice designers 
when assigned with task of eliciting requirements. Two types of requirements are 
considered here –functional and non-functional. After coding the requirements elicited by 
the students of 0(yes) and 5(yes) groups into functional and non-functional, the number 
of functional and non-functional requirement per student was counted.  An ANOVA was 
conducted to see if there is a difference in the average number of requirements between at 
least one of the pairs while comparing 0(yes) functional, 0(yes) non-functional, 5(yes) 
functional, and 5(yes) non-functional).  The level of significance of 0.05 was used for this 
study and p-value obtained from ANOVA was compared to the level of significance. It 
may be noted that there are three assumptions for conducing ANOVA study. These are 1) 
independence, 2) normality and 3) homogeneity of variance. However, for this research, 
the study was designed such that the participants were randomly selected for each 
condition. Thus, these assumptions are not explicitly tested for the study. The ANOVA 
results from this comparison are illustrated in Table 5-7.  A p-value of 0.001445 suggests 
that there is significant difference in the average number of requirements per student 
between at least one of the four groups.  Further, comparing the averages, it can be 
observed that the average number of non-functional requirements elicited per student is 
higher than the average number of functional requirements elicited per student in both 
0(yes) and 5(yes) groups.   
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Table 5-7 ANOVA comparing 0(yes) functional, 0(yes) non-functional, 5(yes) 
functional and 5(yes) non-functional 
SUMMARY 
       Groups Count Sum Average Variance 
   5(yes)-F 16 50 3.125 3.983333 
   5(yes)-NF 16 115 7.1875 12.9625 
   0(yes)-F 15 56 3.733333 7.495238 
   0(yes)-NF 15 114 7.6 32.82857 
   ANOVA 
       Source of 
Variation SS df MS F P-value F crit 
 Between 
Groups 248.1985 3 82.73284 5.860978 0.001445 2.763552 
 Within Groups 818.7208 58 14.11588 
    
        Total 1066.919 61         
 
In order to identify which of the average values are significantly different, further 
analysis was conducted.  This is discussed in sections 5.7.1 and 5.7.2 
5.7.1 Comparing for functional versus non-functional requirements elicited 
An ANOVA was conducted to determine if there is a significant difference in the 
average number of functional and non-functional requirement elicited per student within 
5(yes) group.  Table 5-8 shows ANOVA results from this comparison.  
A p-value of 0.000441 is observed, which is lower than the level of significance.  
This leads to an inference that there is a significant difference in the average number of 
functional and non-functional requirements elicited per student within the 5(yes) group.  
Further, looking at the average values, the average number of non-functional 
requirements elicited per student is greater than the average number of functional 
requirements elicited per student.  
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Table 5-8 Comparing functional versus non-functional in 5(yes) group 
SUMMARY 
     Groups Count Sum Average Variance 
  5(yes)-F 16 50 3.125 3.983333 
  5(yes)-NF 16 115 7.1875 12.9625 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 132.0313 1 132.0313 15.58274 0.000441 4.170877 
Within Groups 254.1875 30 8.472917 
   
       Total 386.2188 31         
Table 5-9 illustrates the ANOVA results for comparing functional and non-
functional requirements elicited within 0 (yes) groups.  
Table 5-9 Comparing functional versus non-functional in 0(yes) group 
SUMMARY 
     Groups Count Sum Average Variance 
  0(yes)-F 15 56 3.733333 7.495238 
  0(yes)-NF 15 114 7.6 32.82857 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 112.1333 1 112.1333 5.561644 0.025574 4.195972 
Within 
Groups 564.5333 28 20.1619 
   
       Total 676.6667 29         
A p-value of 0.025574 is observed, which, again, is lower than the level of 
significance of 0.05.  This leads to conclusion that there is a significant difference in the 
average number of functional and non-functional requirements elicited per student within 
0(yes) group.  Further, comparing the average values, the average number of non-
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functional requirements elicited per student is greater than the average number of 
functional requirements elicited per student. 
Thus in both 0(yes) and 5(yes) groups, the average number of non-functional 
requirements elicited per student is greater than the average number of functional 
requirements elicited per student. It may be noted that while the students of 5(yes) groups 
were given list of five requirements in addition to the design problem, the students of 
0(yes) group were only given the design problem. However, in both cases, it is found that 
the average number of non-functional requirements elicited is higher than the average 
number of functional requirements.  Thus, providing a list of requirements in addition to 
asking the students to elicit more requirements did not have additional benefits while 
eliciting requirements. Fewer numbers of functional requirements could result from the 
fact that functions of a system are more obvious and thus the students might miss to elicit 
them as important requirements. This, then means that more emphasis needs to be placed 
on functional requirements specially in the elicitation phase as students are more likely to 
miss them.  
Next, section 5.7.2 shows the comparison between 5(yes) and 0(yes) groups for 
the average number of functional and non-functional requirements.  
5.7.2 Comparing 5(yes) and 0(yes) groups 
Table 5-10 illustrates ANOVA results for comparing the average number of 
functional requirements generated between 5(yes) and 0(yes) groups.  
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Table 5-10 Comparing 5(yes) and 0(yes) group for functional requirements 
SUMMARY 
     Groups Count Sum Average Variance 
  5(yes)-F 16 50 3.125 3.983333 
  0(yes)-F 15 56 3.733333 7.495238 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 2.865054 1 2.865054 0.504523 0.483193 4.182964 
Within Groups 164.6833 29 5.678736 
   
       Total 167.5484 30         
A p-value of 0.483193 indicates that there is no significant difference in the 
average number of functional requirements elicited per student between the 0(yes) and 
5(yes) group. It may be noted that the students of 5(yes) group were provided with a list 
of five requirements while the students of 0(yes) group were only given the problem 
statement. However, the performance of the students was identical in terms of eliciting 
functional requirements. Thus, providing a list of requirement to the students of 5(yes) 
group did not influence the number of functional requirements elicited by the two groups.   
Table 5-11 illustrates ANOVA results for comparing the average number of non-
functional requirements elicited between 5(yes) and 0(yes) groups.  
A p-value of 0.810 indicates that there is no significant difference in the average 
number of non-functional requirements elicited per student between the 5(yes) and 0(yes) 
groups. It may be noted that the students of 5(yes) group were provided with a list of five 
requirements while the students of 0(yes) group were only given the problem statement. 
However, the performance of the students was identical in terms of eliciting functional 
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requirements. Thus, providing a list of requirements to the students of 5(yes) group did 
not influence the number of functional requirements elicited by the two groups. 
Table 5-11 Comparing 5(yes) and 0(yes) group for non-functional requirements 
SUMMARY 
      Groups Count Sum Average Variance 
  5(yes)-NF 16 115 7.1875 12.9625 
  0(yes)-NF 15 114 7.6 32.82857 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 1.317339 1 1.317339 0.058411 0.810727 4.182964 
Within Groups 654.0375 29 22.55302 
   
       Total 655.3548 30         
After comparing the functional and non-functional requirements elicited by the 
students, the next step was to compare the functional and non-functional requirements 
addressed in the solutions. Section 5.7.3 discusses the findings from comparing the 
number of functional and non-functional requirements addressed by 5(yes) and 0(yes) 
groups.  
5.7.3 Comparing functional and non-functional requirements addressed 
After comparing the functional and non-functional requirements elicited by the 
students of 5(yes) and 0(yes) group, the next step was to compare the functional and non-
functional requirements addressed by each group. In order to do this comparison, the 
requirements addressed by each student from 5(yes) and 0(yes) group were coded into 
functional or non-functional by following the protocol established in section 5.6.1.2. It is 
hypothesized that while the students of both the groups have elicited more non-functional 
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requirements compared to functional requirements, the ratio non-functional/functional 
will decrease while considering the requirements addressed. It is easier to comprehend 
the functions of the system (functional requirements) compared to characteristics of the 
system (non-functional requirements) and thus, students will have more functional 
requirements addressed in the final solutions.  
Section 5.7.3.1 discusses the findings from comparing functional and non-
functional addressed in 5(yes) group while section 5.7.3.2 discusses the findings from 
comparing functional and non-functional requirements in 0(yes) group.  
5.7.3.1 Comparing functional and non-functional addressed in 5(yes) group 
Table 5-12 illustrates the findings from comparing the functional and non-
functional requirements addressed by the students of 5(yes) group while considering each 
solution as a data point.  
Table 5-12 Comparing functional and non-functional addressed in 5(yes) – 
Individual 
SUMMARY 
      Groups Count Sum Average Variance 
  5(yes) F-
addressed 59 97 1.644068 2.0263 
  5(yes) NF-
addressed 59 136 2.305085 4.42256 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 12.88983 1 12.88983 3.997553 0.047904 3.922879 
Within Groups 374.0339 116 3.22443 
   
       Total 386.9237 117         
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A p-value of 0.047904 indicates that there is a difference in the average functional 
and non-functional requirements. Further, on average, more non-functional requirements 
are addressed compared to functional requirements.  
Table 5-13 illustrates the findings from comparing the functional and non-
functional requirements addressed by 5(yes) group while considering each student as data 
point.  
Table 5-13 Comparing functional and non-functional addressed in 5(yes)-Integrated 
SUMMARY 
      Groups Count Sum Average Variance 
  5(yes)-INT-F-
addressed 16 42 2.625 3.05 
  5(yes)-INT NF-
addressed 16 63 3.9375 6.0625 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 13.78125 1 13.78125 3.024691 0.092259 4.170877 
Within Groups 136.6875 30 4.55625 
   
       Total 150.4688 31         
A p-value of 0.092259 indicates that there is no difference in the average number 
of functional and non-functional requirements addressed. It can also be observed that the 
average number of non-functional requirements addressed is only slightly more when 
compared to the average non-functional requirements addressed.  
Table 5-14 illustrates the summary of functional and non-functional requirements 
elicited and addressed by 5(yes) group.  
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Table 5-14 Summary of functional and non-functional elicited and addressed 
5(yes) Elicited Addressed 
(Individual) 
Addressed 
(Integrated) 
Functional 3.125 1.644 2.625 
Non-Functional 7.1875 2.3050 3.9375 
p-value 0.000441 0.0479 0.09225 
It can be observed that on an average more non-functional requirements are 
elicited compared to functional requirements. However the ratio of average number of 
non-functional to functional decreases when considering the requirements addressed.  
Further, the difference between the average functional and non-functional 
requirements elicited is statistically significant with a p-value of 0.000441, while the 
difference is not significant when considering the average functional and non-functional 
requirements addressed by considering each student as a data point (p-value of 0.09225 > 
alpha- 0.05). This illustrates that although the students elicit more non-functional 
requirements than functional requirements, the performance while addressing the 
requirements is identical. One possible explanation for this is that the functions of the 
systems are more obvious and thus the students might miss to elicit them as requirements. 
However, this is reflected while analyzing the addressed requirements as the ratio of the 
number of non-functional requirements to the number of functional requirements 
decreases. This shows that the students are able to comprehend the functional 
requirements better than the non-functional requirements.  
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5.7.3.2 Comparing functional and non-functional addressed in 0(yes) group 
Table 5-15 illustrates the findings from comparing the average number of 
functional and non-functional requirements addressed by 0(yes) group while considering 
each solution as a data point.  
Table 5-15 Comparing functional and non-functional addressed in 0(yes) – 
Individual 
SUMMARY 
     Groups Count Sum Average Variance 
  0(yes)-F-
addressed 60 136 2.266667 4.164972 
  0(yes)- NF-
addressed 60 170 2.833333 7.361582 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 9.633333 1 9.633333 1.671503 0.198583 3.921478 
Within Groups 680.0667 118 5.763277 
   
       Total 689.7 119         
It can be observed that there is no significant difference in the average number of 
functional and non-functional requirements addressed by 0(yes) group while considering 
each solution as a data point as indicated by a p-value of 0.198583.  
Table 5-16 illustrates ANOVA results for comparing the average number of 
functional and non-functional requirements addressed in 0(yes) group while considering 
each student as a data point.  
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Table 5-16 Comparing functional and non-functional addressed in 0(yes) – 
Integrated 
SUMMARY 
      Groups Count Sum Average Variance 
  (RE-INT)-F-
addressed 15 43 2.866667 5.838095 
  (RE-INT) NF-
addressed 15 63 4.2 16.45714 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 13.33333 1 13.33333 1.19607 0.283428 4.195972 
Within Groups 312.1333 28 11.14762 
   
       Total 325.4667 29         
Again, a p-value of 0.283428 indicates that there is no significant difference in the 
average number of functional and non-functional requirements addressed by students of 
0(yes) group while considering each student as a data point.  
Further, Table 5-17 illustrates a summary of average number of functional and 
non-functional requirements elicited and addressed by 0(yes) group. 
Table 5-17 Summary of functional and non-functional addressed and elicited 
0(yes) Elicited Addressed 
(Individual) 
Addressed 
(Integrated) 
Functional 3.7333 2.2666 2.8666 
Non-Functional 7.6 2.8333 4.2 
p-value 0.0255 0.1985 0.2834 
It can be observed that on an average more non-functional requirements are 
elicited compared to functional requirements. However the ratio of average number of 
non-functional to functional decreases when considering the requirements addressed.  
The difference between the average number of functional and non-functional 
elicited by 0(yes) group is significant with a p-value of 0.0255. While the difference 
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between the average number of functional and non-functional requirement is not 
significant in both cases, while considering each solution as a data point (p-value -
0.1985) and while considering each student as a data point (p-value -0.2834).  
This is similar to the observation made for 5 (yes) groups. Again, this validates 
that the students are able to comprehend functional requirements better than non-
functional requirements.  
Thus, by comparing the average number of functional and non-functional 
requirements elicited and addressed, for both 0(yes) and 5(yes) groups it is found that 
though more non-functional requirements are elicited compared to functional 
requirements, the ratio of number of non-functional requirements to functional 
requirements decreases when considering the addressed requirements. In other words, 
more number of non-functional requirements are not addressed compared to the number 
of functional requirements.  
This leads to the recommendations that the students should be explicitly asked to 
focus on the functional requirements while eliciting the requirements as there is a greater 
likelihood of missing to elicit them. However, they should be asked to focus on non-
functional requirements while addressing requirements as there is a greater likelihood of 
missing to address them.  
Next, section 5.8 discusses the findings for whether or not designer’s involvement 
in requirements elicitation influences the number of requirements addressed in the 
solution.  
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5.8 Findings from Solution Analysis (RQ3.2) 
A total of 155 solutions were analyzed against 128 unique requirements to 
investigate designer involvement in generating requirements and extent of requirements 
addressed. ANOVA was conducted to compare the extent of requirements addressed 
between the three groups. It may be noted here that since the students were asked to 
document their solution ideas in either sketch or textual form, the solutions included 
either sketches or textual descriptions of the ideas. Further, regardless of the groups, all 
the solutions were compared against a list of 128 unique requirements derived by the 
union of requirements embedded in the problem statement, requirements from the list 
given to the students and the requirements elicited by students of partial elicitation 
[5(yes)] and elicitation [0(yes)] groups.  An evaluation table was created with first 
column as requirements and first row as sketches. The cells were filled with means for 
each requirement. The protocol for analyzing the solutions is described in Section 5.6.3. 
This evaluation table was then used to extract the number of given and unique 
requirements addressed by each sketch. The numerical values were then used to make 
comparison between groups to investigate the number of given and unique requirements 
addressed.  
Further, two types of comparison were done between the three groups– 1) 
Individual - considering each sketch as a data point and 2) Integrated - considering each 
student as a data point. In order to conduct integrated comparison where each student was 
considered as a data point, all requirements met by all sketches of a student were 
integrated into one. For instance, if student A had three sketches and sketch 1 met 
 153 
requirements 1, 2, 3, sketch 2 met requirements 2, 4, 5, 6 and sketch 3 met requirements 
3, 6,7, 8, the integrated requirements met by student A would be requirements 1, 2, 3, 4, 
5, 6, 7 and 8. A comparison of integrated values was done to mitigate the effect of 
different number of sketches generated by each student. Table 5-18 summarizes the 
different comparisons made between the three groups.  
Table 5-18 Summary of comparison for given and unique requirements 
Requirements Type Comparison 
Difference 
between 
Averages 
Comparing Averages 
Given 
(Problem +List 
of given 
requirements) 
Individual 
Section 
5.8.1 
5(yes), 0(yes), 10(no) Significant 10(no)>0(yes)>5(yes) 
5(yes) vs 0(yes) Significant 0(yes)>5(yes) 
0(yes) vs 10(no) 
Not 
Significant 
 
10(no) vs 5(yes) Significant 10(no)>5(yes) 
Integrated 
Section 
5.8.2 
5(yes), 0(yes), 10(no) 
Not 
significant 
 
Unique  
(Given 
+Student 
elicited) 
Individual 
Section 
5.8.3 
5(yes), 0(yes), 10(no) Significant 10(no)>0(yes)>5(yes) 
5(yes) vs 0(yes) 
Not 
significant 
 
0(yes) vs 10(no) Significant 10(no)>0(yes) 
10(no) vs 5(yes) Significant 10(no)>5(yes) 
Integrated 
Section 
5.8.4 
5(yes), 0(yes), 10(no) 
Not 
significant 
 
5.8.1 Findings from comparing for given requirements (individual) 
Analysis of Variance (ANOVA) was performed to investigate if there is a 
significant difference in the average number of given requirements addressed between the 
three groups [10(no), 5(yes) and 0(yes)]. Here, the given requirements include the 
requirements embedded in the problem statement (5 requirements) and requirements from 
the list given to the students (10 requirements). Table 5-19 shows the ANOVA results for 
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comparing the three groups for addressing given requirements while considering each 
solution as a data point.  
Table 5-19 ANOVA table for given requirements (Individual) 
Groups Count Sum Average Variance 
  [5(yes)] 59 377 6.389831 5.138515 
  [0(yes)] 60 452 7.533333 4.524294 
  [10(no)] 36 294 8.166667 3.628571 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 78.71664 2 39.35832 8.645589 0.000278 3.055558 
Within Groups 691.9672 152 4.552416 
   
       Total 770.6839 154         
A p-value of 0.000278 was found indicating that there is a significant difference 
in the average number of given requirements addressed between at least two of the three 
groups. Further, looking at the average values between the three groups, 5 (yes) group 
has the least average given requirements addressed among the three groups, while 10(no) 
has the highest average given requirements addressed.  
In order to further investigate which of the two pairs from the group differ 
significantly, ANOVA was conducted between three possible pairs from the above 
groups. These are – 1) 5(yes) vs. 0(yes), 2) 0(yes) vs. 10(no) and 3) 10(no) vs. 5(yes). 
Table 5-20 shows ANOVA results for comparing between 5(yes) and 0(yes) groups.  
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Table 5-20 ANOVA for 5(yes) vs. 0(yes) for given requirements (Individual) 
SUMMARY 
      Groups Count Sum Average Variance 
  5(yes) -(Given) 59 377 6.389831 5.138515 
  0(yes)-(Given) 60 452 7.533333 4.524294 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 38.89831 1 38.89831 8.055516 0.00535 3.922173 
Within Groups 564.9672 117 4.82878 
   
       Total 603.8655 118         
A p-value of 0.00535 indicates that there is a significant difference in the average 
number of given requirements addressed between 5(yes) and 0(yes) groups. Further, 
looking at the average number of requirements addressed between the two groups, 0(yes) 
has a greater average given requirements addressed compared to 5(yes) group. While the 
students of both 0(yes) and 5(yes) groups were tasked with eliciting requirements before 
developing solution ideas, the students of 5(yes) group were given a list of 5 
requirements. The ANOVA results suggest that giving the students a list of requirement 
seems to negatively influence the number of requirements addressed in the solutions.  
Table 5-21 illustrates the ANOVA results for comparing between 0(yes) and 
10(no) groups for average number of given requirements addressed.  
A p-value of 0.14558 indicates that there is no significant difference between the 
average numbers of given requirements addressed between the two groups. In terms of 
the experiment condition, 0(yes) and 10(no) groups were quite different from each other. 
0(yes) group was not given any requirement (other than problem statement), while 
10(yes) group was given a list of 10 requirements. 
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Table 5-21 ANOVA for 0(yes) vs. 10(no) for given requirements (Individual) 
Groups Count Sum Average Variance 
  0(yes)-(Given) 60 452 7.533333 4.524294 
  10(no)-(Given) 36 294 8.166667 3.628571 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 9.025 1 9.025 2.153537 0.14558 3.942303 
Within Groups 393.9333 94 4.19078 
   
       Total 402.9583 95         
While 0(yes) group elicited their own requirements, 10(no) group did not elicit 
any requirement. However, there is not much difference in the number of given 
requirements addressed between the two groups.   
Table 5-22 illustrates the ANOVA results for comparing average number of given 
requirements addressed between 10(no) and 5(yes) groups.  
Table 5-22 ANOVA for 10(no) vs. 5(yes) for given requirements (Individual) 
Groups Count Sum Average Variance 
  10(no)-(Given) 36 294 8.166667 3.628571 
  5(yes)-(Given) 59 377 6.389831 5.138515 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 70.58715 1 70.58715 15.4449 0.000163 3.943409 
Within Groups 425.0339 93 4.570257 
   
       Total 495.6211 94         
A p-value of 0.000163 was found leading to the inference that there is a 
significant difference in the average requirements addressed between 10(no) and 5(yes) 
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groups. Further, looking at the average values, 10(no) had greater number of average 
requirements addressed compared to 5 (yes) groups.  
Looking at the results in Table 5-20, Table 5-21 and Table 5-22, 5(yes) group has 
significantly low average given requirements addressed compared to 0(yes) and 10(no) 
groups. The students of 5(yes) group were given list of five requirements and were also 
asked to elicit more requirements before developing solution ideas. It is interesting to 
note that the students who were not given any requirements [0(yes) group] and the 
students who were given requirements and did not elicit any requirements [10(no) group] 
performed similar in terms of average given requirements addressed in the solutions. 
While the students who were given requirements and also had to elicit their own 
requirements [5(yes)] performed poorly in terms of average given requirements addressed 
in the solutions.  This shows that there are no potential benefits of giving the students a 
list of requirements while also asking them to elicit their own requirements.  
Next, section 5.8.2 discusses the findings from comparing the average number of 
given requirements addressed while considering each student as a data point.  
5.8.2 Findings from comparing number of given requirements addressed (Integrated) 
ANOVA was conducted to investigate if there is significant difference in the 
average number of given requirements addressed between three groups while considering 
each student as a data point. By considering each student as a data point, the effect of 
different number of solutions developed by each student can be mitigated. Table 5-23 
illustrates ANOVA table for comparing given requirements addressed while considering 
each student as a data point.  
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Table 5-23 ANOVA for given requirements (Integrated) 
Groups Count Sum Average Variance 
  5(yes)-INT-GIV 16 163 10.1875 2.429167 
  0(yes)-INT-GIV 15 168 11.2 4.314286 
  10(no)-INT-GIV 14 148 10.57143 2.263736 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 8.04504 2 4.02252 1.338014 0.273319 3.219942 
Within Groups 126.2661 42 3.006335 
   
       Total 134.3111 44         
A p-value of 0.273319 indicates that there is no significant difference in the 
average given requirements addressed between three groups when considering each 
student as a data point. This is contrary to the observations made while comparing the 
number of given requirements by considering each solution as a data point.  
While there was significant difference in the average number of given 
requirements addressed between the three groups, there is no difference while 
considering each student as a data point. This shows that on average, each student is able 
to address same number of given requirement irrespective of whether they are eliciting 
the requirements or not. Thus, while considering each student as a data point, the act of 
eliciting their own requirements does not seem to have any effect on the average given 
requirements addressed.  
After comparing for the given requirements addressed, the next step was to 
compare the unique requirements addressed in the solutions. The findings from this 
comparison are discussed in section 5.8.3.  
 159 
5.8.3 Findings from comparing unique requirements (Individual) 
 Analysis of Variance (ANOVA) was performed to investigate if there is a 
significant difference in the average number of unique requirements addressed between 
the three groups [10(no), 5(yes) and 0(yes)]. A total of 128 unique requirements, obtained 
by union of requirements embedded in problem statement, list of given requirements and 
requirements elicited by students of 5(yes) and 0(yes) groups were considered here.  
Table 5-24 illustrates ANOVA table for comparing for unique requirements considering 
each solution as a data point (individual).  
Table 5-24 ANOVA table for comparing for unique requirements (Individual) 
Groups Count Sum Average Variance 
  5(yes) 59 2500 42.37288 281.4103 
  0(yes) 60 2733 45.55 250.15 
  10(no) 36 2078 57.72222 236.0349 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 5523.77 2 2761.885 10.67073 4.61E-05 3.055558 
Within Groups 39341.87 152 258.8281 
   
       Total 44865.64 154         
A p-value of 4.61E-05 was found indicating that there is a significant difference 
in the average unique requirements addressed between at least two of the three groups. 
Further, comparing the average values between the three groups, 5(yes) has least average 
unique requirements addressed while 10(no) has the most average unique requirements 
addressed. This is similar to the pattern observed for addressing given requirements 
where 5(yes) group had least average given requirements addressed.  
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In order to investigate the average for which of the two pairs differed 
significantly, ANOVA was done between pairs of groups. Three possible pairs were 
investigated, 1) 5(yes) vs. 0(yes), 2) 0(yes) vs. 10(no) and 3) 10(no) vs. 5(yes).  
Table 5-25 illustrates ANOVA results for comparing unique requirements 
addressed between 5(yes) and 0(yes) groups considering each solution as data point.  
Table 5-25 ANOVA for 5(yes) vs. 0(yes) for unique requirements addressed 
(Individual) 
Groups Count Sum Average Variance 
  5(yes)-(Unique) 59 2500 42.37288 281.4103 
  0(yes)-(Unique) 60 2733 45.55 250.15 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 300.2778 1 300.2778 1.130366 0.289887 3.922173 
Within Groups 31080.65 117 265.6466 
   
       Total 31380.92 118         
A p-value of 0.289887 indicates that there is no significant difference in average 
unique requirements addressed between 5(yes) and 0(yes) groups. While the students of 
both the groups were tasked with eliciting requirements, students of 5 (yes) groups were 
given a list of five requirements in addition to the problem statement. However, they 
perform comparably in terms of addressing the unique requirements indicating that there 
are no potential benefits of providing a list of requirements to students while also asking 
them to elicit more requirements.  
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Table 5-26 illustrates ANOVA results for comparing average number of unique 
requirements addressed between 0(yes) and 10(no) group considering each solution as 
data point.  
Table 5-26 ANOVA for 0(yes) vs. 10(no) for unique requirements addressed 
(Individual) 
Groups Count Sum Average Variance 
  0(yes)-
(Unique) 60 2733 45.55 250.15 
  10(no)-
(Unique) 36 2078 57.72222 236.0349 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 3333.667 1 3333.667 13.61267 0.000376 3.942303 
Within 
Groups 23020.07 94 244.8944 
   
       Total 26353.74 95         
A p-value of 0.000376 indicates that there is a significant difference in the 
average unique requirements addressed between 0(yes) and 10(no) group. While the 
difference between the two groups was not significant when comparing for given 
requirements, comparing the averages between the two groups, 10(no) group has greater 
average unique requirements addressed compared to 0(yes) group.  
Table 5-27 shows ANOVA results for comparing average unique requirements 
addressed between 10(no) and 5(yes) groups considering each sketch as data point.  
A p-value of 2.26E-05 indicates that there is significant difference in the average 
unique requirements addressed between two groups. Further comparing the average 
values, 10(no) has greater average unique requirements addressed compared to 5(yes) 
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group. This is similar to the observation for comparing for given requirements where 
0(no) group had greater average given requirements addressed compared to 5(yes) group. 
Again, this indicates that allowing the students to elicit their own requirements has no 
potential benefits in terms of more requirements addressed in the final solution.  
Table 5-27 ANOVA for 10(no) vs. 5(yes) for unique requirements addressed 
(Individual) 
Groups Count Sum Average Variance 
  10(no)-(Unique) 36 2078 57.72222 236.0349 
  5(yes)-(Unique) 59 2500 42.37288 281.4103 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 5267.571 1 5267.571 19.92774 2.26E-05 3.943409 
Within Groups 24583.02 93 264.3335 
   
       Total 29850.59 94         
From Table 5-25, Table 5-26, and Table 5-27, it is evident that 10(no) group 
performed better while considering the average number of unique requirements addressed 
in the solution. It was hypothesized that the students who were tasked with eliciting the 
requirements will be able to address more requirements in the solution. This stems from 
the fact that eliciting more requirements will allow the students to explore and 
comprehend the problem in a better way compared to the students who did not elicit any 
requirements. This will in turn result to more requirements addressed in the solution. 
However, the findings suggest the contrary. The students who were tasked with 
elicitation of requirements actually perform poorly in terms of addressing the 
requirements. While not explicitly measured in this study, it is possible that the students 
who had the list of requirements were more confident about the requirements while the 
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students who elicited the requirements were not very confident as their requirements were 
not externally validated. Thus, the students did not know whether the requirements they 
elicited were in fact ‘true’ requirements for the problem. This is reflected as fewer unique 
requirements are addressed by the students of 0(yes) group. 
Next, section 5.8.4 discusses the findings from comparing unique requirements 
addressed between the three groups while considering each student as a data point.  
5.8.4 Findings from comparing unique requirements (Integrated) 
Table 5-28 illustrates ANOVA table for comparing average unique requirements 
addressed between the three groups considering each student as a data point.  
Table 5-28 ANOVA for comparing for unique requirements (Integrated) 
SUMMARY 
     Groups Count Sum Average Variance 
  5(yes)-INT-UNI 16 1189 74.3125 182.6292 
  0(yes)-INT-UNI 15 1102 73.46667 120.6952 
  10(no)-INT-UNI 14 1061 75.78571 112.6429 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 39.71647 2 19.85823 0.141519 0.868451 3.219942 
Within Groups 5893.528 42 140.3221 
   
       Total 5933.244 44         
A p-value of 0.868451 was observed indicating that there is no significant 
difference in the average unique requirements addressed between the three groups when 
considering student as a data point.  
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While there was significant difference in the average number of unique 
requirements addressed between the three groups, there is no difference while 
considering each student as a data point. This shows that on average, each student is able 
to address same number of unique requirement irrespective of whether they are eliciting 
the requirements or not. Thus, while considering each student as a data point, the act of 
eliciting their own requirements does not seem to have any effect on the average unique 
requirements addressed.  
Next, the fixation while addressing the requirements is investigated and the 
findings are discussed in section 5.9.  
5.9 Findings for fixation while addressing requirements (RQ3.3) 
RQ3.3 aims at investigating whether or not providing a list of requirements to the 
students results to fixation while addressing more requirements. It may be noted that the 
students of 0(yes) group were give only problem statement, the students of 5(yes) group 
were given problem and five requirements while the students of 10(no) group were given 
problem and list of 10 requirements. Thus, for the purpose of this analysis, the ‘given’ 
requirements refers to five, ten and fifteen requirements for 0(yes), 5(yes) and 10(no) 
group respectively.  
Section 5.9.1 discusses the findings for fixation while considering each solution 
as a data point while section 5.9.2 discusses the findings for fixation while considering 
each student as a data point.  
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5.9.1 Comparing for fixation (Individual) 
Table 5-29 illustrates the ANOVA results from comparing the ratio number of 
requirements addressed to number of requirements given to each group while considering 
each solution as a data point.  
Table 5-29 Comparing average ratio of number of addressed/number of given  
for all groups (Individual) 
SUMMARY 
     Groups Count Sum Average Variance 
  5(yes) -Add/given 59 27.6 0.467797 0.030842 
  0(yes)-Add/Given 60 36.4 0.606667 0.043345 
  10(no)-Add/Given 36 19.6 0.544444 0.016127 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 0.5749 2 0.28745 8.89758 0.000222 3.055558 
Within Groups 4.910591 152 0.032307 
   
       Total 5.485491 154         
A p-value of 0.000222 indicates that there is significant difference in the average 
ratio of number of requirements addressed to the number of requirements given between 
at least two of the three groups. Further, comparing the average values, it is found that 
0(yes) group had the maximum average ratio of number of requirements addressed to the 
number of requirements given, while the 5(yes) group had minimum average ratio of 
number of requirements addressed to the number of requirements given. 
In order to further investigate which of the two pairs from the group differ 
significantly, an ANOVA was conducted between three possible pairs from the above 
groups. These are – 1) 5(yes) vs. 0(yes), 2) 0(yes) vs. 10(no) and 3) 10(no) vs. 5(yes). 
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Table 5-30 shows the ANOVA results from comparing 5(yes) and 0(yes) group 
for the average ratio of number of requirements addressed to number of requirements 
given while considering each solution as a data point.  
Table 5-30 Comparing 5(yes) and 0(yes) for average ratio of number of 
addressed/number of given (Individual) 
SUMMARY 
     Groups Count Sum Average Variance 
  5(yes)-Add/given 59 27.6 0.467797 0.030842 
  0(yes)-Add/Given 60 36.4 0.606667 0.043345 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 0.573685 1 0.573685 15.44383 0.000144 3.922173 
Within Groups 4.346147 117 0.037147 
   
       Total 4.919832 118         
A p-value of 0.000144 indicates that there is significant difference in the average 
ratio of number of requirements addressed to the number of requirements elicited 
between 5(yes) and 0(yes) groups. Further, comparing the average values, 0(yes) group 
has higher average ratio of number of requirements addressed to the number of 
requirements given compared to 5(yes) group.  
Table 5-31 illustrates the ANOVA for comparing the average ratio of number of 
requirements addressed to the number of requirements given between 0(yes) and 10(no) 
group while considering each solution as a data point.  
A p-value of 0.108675 indicates that there is no difference in the average ratio of 
number of requirements addressed to number of requirements given between the 0(yes) 
and 10(no) groups.  
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Table 5-31 Comparing 0(yes) and 10(no) for average ratio of number of 
addressed/number of given (Individual) 
SUMMARY 
     Groups Count Sum Average Variance 
  0(yes)-Add/Given 60 36.4 0.606667 0.043345 
  10(no)-Add/Given 36 19.6 0.544444 0.016127 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 0.087111 1 0.087111 2.623007 0.108675 3.942303 
Within Groups 3.121778 94 0.03321 
   
       Total 3.208889 95         
Table 5-32 illustrates the ANOVA results for comparing the average ratio of 
number of requirements addressed to the number of requirements given between the 
10(no) and 5(yes) group while considering each solution as a data point.  
Table 5-32 Comparing 10(no) and 5(yes) for average ratio of number of 
addressed/number of given (Individual) 
SUMMARY 
     Groups Count Sum Average Variance 
  10(no)-Add/Given 36 19.6 0.544444 0.016127 
  5(yes)-Add/given 59 27.6 0.467797 0.030842 
  ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 0.13135 1 0.13135 5.190917 0.024995 3.943409 
Within Groups 2.353258 93 0.025304 
   
       Total 2.484608 94         
A p-value of 0.024995 indicates that there is significant difference in the average 
ratio of number of requirements addressed to number of requirements given between 
10(no) and 5(yes) group. Further, comparing the average values, it can be observed that 
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10(no) group has higher average ratio of number of requirements addressed to the 
number of requirements given compared to 5(yes) group.  
Thus, the results from Table 5-30, Table 5-31 and Table 5-32 indicate that while 
considering each solution as a data point, the students of 0(yes) group have the maximum 
ratio of number of requirements addressed to the number of requirements given. Thus, 
they perform better compared to the other two groups in terms of addressing the 
requirements given to them (for 0(yes), these are the requirements embedded in the 
problem statement). However, when comparing the average number of unique 
requirements addressed while considering each solution as a data point, 0(yes) group 
performs poorly (average-45.5) when compared to the 10(no) group (average-57.7). 
Thus, 0(yes) group seems to be fixated on addressing the ‘given’ requirements. This is 
indicated by the fewer unique requirements addressed by the students of 0(yes) group. 
This could stem from the fact that the students are not as much confident about the 
requirements elicited by them as they are about the ‘given’ requirements. Thus, they 
focus more on addressing the given requirements.  
Further, 5(yes) group performs poorly compared to the other two groups while 
addressing both the given requirements and unique requirements. Thus, providing a list of 
requirements while asking the students to elicit the requirements does not seem to have 
any benefit while addressing requirements and seems to negatively affect the 
requirements addressed.  
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Next, section 5.9.2 provides a discussion of the findings from comparing the 
average ratio of number of requirements addressed to the number of requirements given 
for all three groups while considering each student as a data point.  
5.9.2 Comparing for fixation (Integrated) 
Table 5-33 illustrates the ANOVA results from comparing the three groups for 
average ratio of number of requirements addressed to number of requirements given 
while considering each student as a data point.  
Table 5-33 Comparing average ratio of number of addressed/given for all groups 
(Integrated) 
SUMMARY 
      Groups Count Sum Average Variance 
  5(yes)-Add/given-
INT 16 11.9 0.74375 0.011958 
  0(yes)-Add/Given-
INT 15 13.4 0.893333 0.039238 
  10(no)-Add/Given-
INT 14 9.866667 0.704762 0.010061 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 0.292844 2 0.146422 7.154978 0.002118 3.219942 
Within Groups 0.859502 42 0.020464 
   
       Total 1.152346 44         
A p-value of 0.002118 is observed indicating that there is statistical difference in 
the average ratio of number of requirements addressed to number of requirements given 
between at least two of the groups while considering each student as a data point.  
In order to further investigate which of the two pairs from the group differ 
significantly, an ANOVA was conducted between three possible pairs from the above 
groups. These are – 1) 5(yes) vs. 0(yes), 2) 0(yes) vs. 10(no) and 3) 10(no) vs. 5(yes). 
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First, Table 5-34 shows the ANOVA results from comparing 5(yes) and 0(yes) 
groups for average ratio of number of requirements addressed to number of requirements 
given while considering each student as a data point.  
Table 5-34 Comparing 5(yes) and 0(yes) for average ratio of number of 
addressed/number of given (Integrated) 
SUMMARY 
     Groups Count Sum Average Variance 
  5(yes)-Add/given-INT 16 11.9 0.74375 0.011958 
  0(yes)-Add/Given)-INT 15 13.4 0.893333 0.039238 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 0.173227 1 0.173227 6.893825 0.013664 4.182964 
Within Groups 0.728708 29 0.025128 
   
       Total 0.901935 30         
A p-value of 0.013664 leads to the inference that there is significant difference in 
the average ratio of number of requirements addressed to the number of requirements 
given between 5(yes) and 0(yes) group. Further, comparing the averages, 0(yes) has a 
higher average ratio of number of requirements addressed to the number of requirements 
given compared to 5(yes) group.  
Then, Table 5-35 illustrates ANOVA results from comparing 0(yes) and 10(no) 
group for average ratio of number of requirements addressed to number of requirements 
given while considering each student as a data point.  
A p-value of 0.003524 leads to the inference that there is a significant difference 
in the average ratio of the number of requirements addressed to the number of 
requirements given between 0(yes) and 10(no) group while considering each student as a 
data point. Further, comparing the average values, 0(yes) group has a higher average ratio 
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of number of requirements addressed to number of requirements given compared to 
10(no) group.  
Table 5-35 Comparing 0(yes) and 10(no) for average ratio of number of 
addressed/number of given (Integrated) 
SUMMARY 
     Groups Count Sum Average Variance 
  0(yes)-Add/Given-
INT 15 13.4 0.893333 0.039238 
  10(no)-Add/Given-
INT 14 9.866667 0.704762 0.010061 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 0.257498 1 0.257498 10.22226 0.003524 4.210008 
Within Groups 0.680127 27 0.02519 
   
       Total 0.937625 28         
Finally, Table 5-36 illustrates ANOVA results for comparing 10(no) group and 
5(yes) group for average ratio of the number of requirements addressed to the number of 
requirements given while considering each student as a data point.  
Table 5-36 Comparing 10(no) and 5(yes) for average ratio of number of 
addressed/number of given (Integrated) 
SUMMARY 
      Groups Count Sum Average Variance 
  10(no)-Add/Given-INT 14 9.866667 0.704762 0.010061 
  5(yes)-Add/given-INT 16 11.9 0.74375 0.011958 
  ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 0.01135 1 0.01135 1.024592 0.3201 4.195972 
Within Groups 0.310169 28 0.011077 
   
       Total 0.321519 29         
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A p-value of 0.3201 indicates that there is no significant difference in the average 
ratio of number of requirements addressed to the number of requirements given between 
the 10(no) and 5(yes) group.  
Thus, the results from Table 5-34, Table 5-35 and Table 5-36, indicate that while 
considering each student as a data point, 0(yes) has highest average ratio of the number of 
requirements addressed to number of requirements given and this is significantly higher 
compared to the other two groups. The students of 5(yes) and 10(no) group perform 
comparably as indicated by no significant difference in the average ratio of the number of 
requirements addressed to number of requirements given.  
Further, comparing the average number of unique requirements addressed while 
considering each student as a data point, the students of all three groups perform 
comparably as there is no significant difference between the averages. However, 0(yes) 
group is able to address more given requirements compared to other two groups. This is 
similar to the observation made while comparing the average ratio of the number of 
requirements addressed to given considering each solution as a data point. This indicates 
that the students of 0(yes) group are fixated in addressing the given requirements.  
The summary of findings from RQ3 is discussed in section 5.10.  
5.10 Summary of Findings for RQ3-What impact do requirements have on outcomes? 
RQ3 aimed at investigating specific roles that requirements can play in idea 
generation. To that end, a designer study was conducted with mechanical engineering 
students at Clemson University. As a part of the study, the students were divided into 
three groups. Each group was given the same design problem and was asked to develop 
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design solutions for the given problem. The variable here was the number of 
requirements given to the students of the three groups. One group was given only 
problem statement [0(yes)], the second group was given problem statement and list of 
five requirements [5(yes)] and the third group was given problem and list of ten 
requirements [10(no)]. The students of 5(yes) and 0(yes) group also elicited requirements 
in addition to developing solutions for the given problem. Thus, the data collection 
entailed the elicited requirements and solutions developed by the students.  
Further, three aspects were investigated. First, the type of requirements elicited 
and addressed by the students was investigated. Then the number of requirements 
addressed by the students was compared between the three groups and finally, the 
fixation caused while addressing the requirements was investigated.  
The findings from comparing for the type of requirements elicited by the students 
reveal that for both 5(yes) and 0(yes) groups, more non-functional requirements were 
elicited compared to functional requirements. However, comparing the requirements 
addressed by the students it was found that the ratio of average number of non-functional 
and functional requirements addressed decreased. Thus, although the students elicit more 
non-functional requirements, their performance is comparable while addressing the 
requirements.  
Next, the average number of given and unique requirements addressed in the 
solutions was compared between the three groups. It was hypothesized the act of eliciting 
the requirements will act as a primer and thus the groups that elicited requirements will 
have addressed more requirements in their solutions. However, the findings suggest that 
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the group that was not tasked with eliciting requirements performed better than the other 
two groups that elicited requirements in terms of addressing the requirements.  
Finally, the fixation in the requirements addressed was compared between the 
three groups. The findings suggest that 0(yes) group has higher average ratio of number 
of requirements addressed to number of given requirements compared to other two 
groups. Thus, 0 (yes) group performs better compared to the other two groups while 
addressing the given requirements. However, comparing the number of unique 
requirements, the 10(no) group performs better compared to the other two groups. Thus, 
the act of eliciting requirements results to fixation while addressing the requirements.  
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CHAPTER SIX CONCLUSIONS AND FUTURE WORK 
The overall goal of this dissertation is to develop a systematic understanding of 
the current use of requirements in conceptual design. To achieve this overall goal, three 
broad questions were investigated through the research presented in this thesis: 
• RQ1 Requirements-What are we teaching? 
• RQ2 How are students using requirements? and 
• RQ3 What impact do requirements have on outcomes? 
First, the critical gaps in requirements education were explored through a survey 
of design text books and survey of faculty. While the survey of faculty reveals that the 
requirements related activities are performed throughout the design project, most tools 
mentioning the use of requirements are found only in the conceptual phase as evident 
from the survey of design textbooks. Thus, a significant gap is identified in terms of lack 
of sufficient tools explaining the use of requirements throughout the design process.  
The consequences of the lack of sufficient tools explaining the use of 
requirements throughout the design process are further realized while exploring how 
students are using requirements (RQ2). There is difference in the number of requirements 
elicited by the student teams working on the same project. While this difference is 
expected in the final week, it is expected that students have similar number of 
requirements in initial week as they have the same input in terms of the requirements 
established by the sponsor.  Thus, the different numbers of elicited requirements in initial 
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week indicate that the students are following different elicitation practices. Further, this 
could also stem from the fact that there are not many tools that allow the students to 
systematically elicit requirements. The completeness and specificity of requirements 
increases from initial week as expected however too specific requirements are the ones 
that are not fulfilled in the final design solution.  
Another finding from investigating the student requirements is that the 
requirements document of novice designers changes and the change occurs in multiple 
ways. Currently, the students are not mandated to maintain weekly updates on 
requirements. Further, few tools mentioned in the design textbooks allow the students to 
systematically maintain and trace the changes within requirements. This could lead to 
loss of important information pertaining to the project and ultimately lead to project 
failures. Thus, it is recommended that students should be taught appropriate tools to 
manage the project requirements and trace the changes. Perhaps, the weekly requirements 
update sheet can serve as a starting point to that end. 
Finally, to identify what role requirements could potentially play in conceptual 
design, specifically idea generation, a designer study was conducted. First, analyzing the 
requirements elicited by the students, it is found that more non-functional requirements 
are elicited compared to the functional requirements. Same observation is made for both 
the groups tasked with eliciting requirements. Further, analyzing the solutions developed 
by the students of all three groups for requirements addressed, it is found that the students 
given the requirements performed better in terms of addressing the requirements 
compared to the two groups tasked with eliciting requirements. Thus allowing the 
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students to elicit requirements had no benefit in terms of requirements addressed in the 
final solution.  
Based on the findings from the studies conducted for the purpose of this thesis, 
several recommendations can be made. These recommendations will serve as guidelines 
for improving the requirements education and application of requirements education. 
These recommendations and their potential benefits are discussed below: 
• Recommendation 1: It is recommended that the students should be taught the 
concepts of requirements completeness. 
• Benefit: While the students have preliminary idea of requirements elicitation, 
they are not formally taught to judge whether or not the elicited requirements are 
‘good’ requirements. It is evident from the literature that one of the desirable 
characteristics of ‘good’ requirements is that they should be complete [20]. From 
the case study, it was found that some teams had more completeness in the initial 
weeks than others. This inconsistency suggests that completeness as a concept has 
not been fully digested by the students. Thus, teaching the concept of 
completeness of requirements will allow the students to identify poorly defined 
requirements and thus introduce them to the practice of writing ‘good’ 
requirements.  
• Recommendation 2: It is recommended that the students should be taught the 
concepts of requirements specificity. 
• Benefit: Specificity is essentially a measure of level of detail within a 
requirement as a count of adjuncts or numerical values. It is desirable that 
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requirements are non-ambiguous and testable [20]. By adding details to the 
requirements in terms of adjuncts, the ambiguity can be reduced. Further, the 
numerical values within requirements make them testable. Thus, teaching the 
concept of requirement specificity will allow the students to internally measure 
the ‘goodness’ of the requirements elicited by them. Further, it will also help the 
students to identify poorly defined requirements and add necessary details to it to 
reduce the ambiguities.  
• Recommendation 3: It is recommended that the students should be taught tools 
or methods for managing the requirements document. 
• Benefit: It is evident that the requirements documents of novice designers change 
in multiple ways. Currently, the students are not taught any tools that would allow 
them to manage the requirements document and trace the changes systematically. 
Thus, teaching the tools that would allow the students to manage the requirement 
document will help mitigate the negative effects of losing valuable information in 
form of requirements changes.  
• Recommendation 4: It is recommended that the students should be required to 
submit weekly requirements update along with executive summary and 
presentations. 
• Benefit: Mandating the submission of weekly requirements update has twofold 
benefits. First, it will allow the students to manage the requirements and 
systematically track the changes in the requirements throughout the design 
project. Additionally, it will allow the future researchers to collect valuable 
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information to study requirements evolution without intervening in the natural 
process followed by the students.  
• Recommendation 5: It is recommended that the students should be encouraged to 
use design solutions to identify new requirements. 
• Benefit The findings from the designer study reveal that the solutions generated 
by the students fulfill more requirements than those given to or elicited by 
individual students. This then means that the preliminary solutions can be used to 
identify new requirements.  Thus, this will allow the students to use preliminary 
concept as ‘means’ for identifying requirements that they would otherwise miss.  
6.1 Intellectual Merit  
The intellectual merit of this research lies in developing a systematic 
understanding of how requirements are currently used in the conceptual design phase, 
and specifically for idea generation activities.  The ultimate goal of this research is to 
develop guidelines and recommendations for use of requirements in idea generation.  
Prior to developing guidelines and recommendations, it is necessary to investigate the 
current state of requirements education so that critical gaps can be identified.  This will 
be done through systematic design and application of surveys and case study, which will 
require a thorough study of these research methods.  While the survey and case study will 
aid in identifying critical gaps in imparted and applied requirements education, specific 
investigation of requirements elicitation and usage in idea generation will be achieved by 
systematically designing and conducting a designer study.  Design and implementation of 
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user study will require identification of critical variables of interest and carefully 
controlling other factors to obtain valuable results.  
To summarize, the intellectual merit of this research lies in the following research 
contributions:  
1. Developing a systematic understanding of the current use of requirements in 
conceptual design 
2. Systematic design and implementation of research methods such as surveys, 
case study and designer study to answer the research questions. 
6.2 Broader Impact 
As recognized in literature, a considerable amount of design process time is spent 
in requirements elicitation.  However, clear guidelines on how to use the elicited 
requirements for generating ideas seem to be missing.  This is also evident from 
surveying the mechanical engineering design textbooks.  Of the wide variety of idea 
generation tools discussed in the design textbooks, most lack details and specifics on 
using requirements for idea generation.  Specifically, the details, such as how many and 
what type of requirements may be used while generating design ideas for a given problem 
are missing.  Requirements seem to be mostly used for concept evaluation rather than 
concept generation [72].  Novice designers, who rely heavily on classroom education and 
textbooks for learning how to use requirements at various stages of design process, are 
thus left poorly informed about what to do with requirements once they are elicited.  
Thus, the broader impact of this research lies in beginning to provide systematic 
guidelines for instructors and designers on using requirements in idea generation.  These 
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guidelines may help to significantly reduce the ambiguities associated with using 
requirements while generating ideas.  Instead of using requirements as just a means to 
validate developed concepts, using the guidelines may encourage designers to use 
requirements as an input for the conceptual design phase.  
6.3 Future Research 
The primary goal of this research is develop a systematic understanding of use of 
requirements within conceptual design. The findings from the tasks are used to make 
recommendations. However there are several limitations of this research as discussed 
below:  
• First, only one project was investigated for understanding how are students using 
requirements. While this project is representative of a typical senior design 
project, extensive study spanning multiple projects is necessary to strengthen the 
confidence in the findings. Further, studying multiple different projects will allow 
mitigating the effects variables such as the nature of design project, composition 
of teams, composition of advisory committee and feedback received through 
design reviews.  
• Due to the limitation of data collected, comparisons could only be made between 
the requirements documents generated in initial weeks and final week. Thus, this 
does not allow to completely capture the evolution of requirements throughout the 
project, rather it is a comparison between initial and final states. Thus, extensive 
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study exploring the requirements evolution in each week will provide a better 
picture of the changes in requirements.  
• The designer study to investigate the role of requirement in idea generation was 
conducted with single pool of senior design students. While the results show 
interesting findings, future studies can be conducted in ME-401 and ME-402.  
This will aid in comparison to see if the knowledge gained during the pre-
capstone class has any benefit in the results.  
• Protocols developed for analyzing the solution was tested for inter-rater reliability 
(IRR). However, the IRR values were on the lower side. This means that there is 
scope for improvement. So more robust protocols can be developed and tested.  
• The findings from the designer study reveal that the solutions can potentially be 
used to generate more requirements. While the exact benefits of using solutions to 
elicit more requirements are not currently investigated, future designer studies can 
be conducted to understand the iterative process of requirements-solutions-
requirements. This will open new avenues for using requirements in conceptual 
design.  
Thus, the future work of this research entails addressing the limitations of this 
research and further exploring new avenues for application of requirements in conceptual 
design.  
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Appendix A:Survey of Faculty 
Part A – Course Information Questions 
1. Institution - _______________________________ Department -____________________________________ 
 
2. How long has this course been in existence in its present form? _____________ Years 
 
3. What prerequisites exist for the senior capstone design course? List the course name 
 
4. In what type of senior capstone design course does your department participate? 
[   ] Individual students solve engineering design projects 
[   ] Departmental student teams solve engineering design projects 
[ ]Interdisciplinary or inter-departmental student teams solve engineering design 
projects 
[   ] Other (Please describe): 
 
5. Which of the following best describes the capstone design course? 
[   ] Independent project without formal class instruction 
[   ] Formal class instruction followed by students independently completing the project 
[   ] Formal class carried out in parallel with a major design project 
[   ] Formal class only using smaller design assignments for application purposes 
[   ] Others (Please describe): 
 
6. What is the duration of the class instruction and design project? 
Class    [   ] 1 Quarter                                                                 Project [   ] 1 Quarter 
               [   ] 1 Semester                                                                               [   ] 1 Semester 
               [   ] 2 Quarters                                                                                [   ] 2 Quarters 
               [   ] 2 Semesters                                                                             [   ] 2 Semesters 
               [   ] Other (Please specify):                                                         [   ] Other  
 
7. Which of the following are used to aid the instruction for capstone design course? 
(check all that apply) 
[   ] Textbook (Specify the name): 
[   ] Instructor notes 
[   ] Class Website  
[   ] Workshops 
[   ] Other (Please specify): 
 
8. If the project have formal class instruction, how many hours of instructions do students 
receive each week? 
[   ] 1                                 [   ] 4 
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[   ] 2                                 [   ] 5 
[   ] 3                                 [   ] 6+ 
[   ] Other (Please explain):  
 
Part B - Requirements Usage Information 
 
Given below are some requirements related activities. Here “requirements” refer to both 
project (requirements for the design given by sponsor and/or elicited by students) and 
process (requirements on time and resources) requirements. The horizontal scale below 
each activity is indicative of the total time period from start of the project to the end of the 
project. On this scale, for each activity, mark ‘start’ and ‘end’ from the time when you would 
expect the students to start and end that particular activity during the design project.  This 
marking is illustrated below:  
If a particular activity is not performed by the students, do not mark anything on the scale 
and write N/A in front of the activity.  
a. Requirements elicitation – gathering requirements at the start of the project 
Project Start First 25% Midterm Last 25% Project Complete 
b. Requirements documentation – documenting the requirements that are elicited 
Project Start First 25% Midterm Last 25% Project Complete 
c. Requirements verification from the customer – checking with customer to ensure 
that correct requirements are elicited 
Project Start First 25% Midterm Last 25% Project Complete 
 
Project Start First 25% Midterm Last 25% Project Complete 
Start End 
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d. Using requirements for concept generation – generating concepts by using the 
elicited requirements 
Project Start First 25% Midterm Last 25% Project Complete 
e. Using requirements for concept evaluation – using requirements to evaluate 
concepts generated in conceptual design phase and eliminating  the concepts that 
do not meet requirements 
Project Start First 25% Midterm Last 25% Project Complete 
f. Requirement update/change – adding, deleting or modifying the requirements 
from existing requirements list 
Project Start First 25% Midterm Last 25% Project Complete 
g. Solution validation – ensuring that the final solution meets all requirements 
Project Start First 25% Midterm Last 25% Project Complete 
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Part C – Tools for Requirements 
Given below is a list of design tools. Answer the questions in column 2 and 3 in ‘yes’ or ‘no’.  
Design tool 
Is the design tool formally 
taught in capstone or other 
prerequisite design courses? 
Are students using this design 
tool as evident from design 
reports or other written 
documentation such as weekly 
summary, presentation or design 
notebooks? 
Requirements 
checklist   
Project definition 
sheet   
Quality function 
deployment   
Objective tree   
Morph chart   
Function means 
tree   
Decision matrix   
Pair wise 
comparison   
Requirements 
validation 
checklist 
  
OTHER 
 
 
  
OTHER 
 
 
  
OTHER 
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Appendix B: Example Problems from Literature  
Design Problem 
Characteristics 
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“A portable human-powered device is required 
which will extract fence posts in remote areas. 
The fence posts are made of wood of square 
cross-section with sides of between 2 and 4 
inches, are between 6 and 7.5 feet long, and may 
have been sunk up to 3 feet into the ground. An 
initial vertical force of up to 500 lb. may be 
required to extract the posts, which must be in a 
reusable condition afterwards.” [83] 
Yes Yes Yes Yes Yes Yes 
“Design a device that takes water, sodium 
bicarbonate (gas), and soda flavor syrup as 
input and mixes them into a soda drink. The 
device is targeted as a home type kitchen 
appliance. The inputting of the water can be 
accomplished through a standard kitchen faucet. 
Please assume that the soda flavor syrup is 
available in a separate container that can be 
poured into the device you are designing, and 
the sodium bicarbonate is contained in a 
canister that can safely transfer sodium 
bicarbonate into the system.” [84] 
Yes No Yes Yes Yes Yes 
 "Bottle Capping Device: ‘Design a machine that 
registers a bottle to a capping station, caps it, 
and allows somebody to retrieve the capped 
bottle from the device. Please do not limit your 
design to a particular bottle, cap geometry. You 
can assume that you have control over the 
specifics of both these system inputs and how 
they should interface with each other’" [84] 
Yes No Yes Yes Yes Yes  
“Mr. Smith is hosting a party next month and 
has invited his colleagues. He wants a  
new design for a home use burrito-folding 
machine. The device must adhere to the  
following design requirements: 
1. Deliver completed burritos at a rate of at least 
4 burritos per minute 
2. The device must fit on a counter top 
3. Position empty tortilla to store fillings 
4. Fill the tortilla after proper positioning 
5. Wrap burrito over the filling 
6. Easy to install 
7. Easy to use 
8. The device must be easy to clean after use 
(<15 minutes and no special tools) 
9. The device must be safe – cause no injury to 
the user.” [80] 
Yes Yes No Yes Yes Yes 
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Appendix C: Exit Survey for Designer Study  
1- Provide your initials here …………… 
 
2- How confident were you about understanding the problem? 
  1 2 3 4 5 
 
Not confident  ( ) ( ) ( ) ( ) ( ) Very confident 
 
3- Were the given requirements sufficient for you to generate solutions? 
 
1 2 3 4 5 
 
Not at all sufficient ( ) ( ) ( ) ( ) ( ) Very sufficient 
 
4- Did you use all the requirements while designing concepts? 
 
Yes…………..                                    No …………….. 
 
5- What requirements did you explicitly address in your concepts?  List the requirements 
in the space below.  
 
 
6- List the requirements that were easy to address while sketching concepts. 
 
 
 
7- List the requirements that were difficult to address while sketching concepts.  
 
 
8- Did you develop new requirements while sketching concepts? 
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Yes…………..                                    No …………….. 
 
9- List the requirements that you developed while sketching concepts. 
 
 
10- While sketching, how strong was your focus on developing as many concepts as 
possible? 
 
1 2 3 4 5 
 
Not at all  ( ) ( ) ( ) ( ) ( ) Very Strong 
 
11- While sketching, how strong was your focus on developing concepts that were new? 
 
1 2 3 4 5 
 
Not at all  ( ) ( ) ( ) ( ) ( ) Very strong 
 
12-  While sketching, how strong was your focus on developing concepts that were of many 
different types? 
 
1 2 3 4 5 
 
Not at all  ( ) ( ) ( ) ( ) ( ) Very strong 
 
13- While sketching, how strong was your focus on developing concepts that were feasible? 
 
1 2 3 4 5 
 
Not at all  ( ) ( ) ( ) ( ) ( ) Very strong 
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Appendix D: Ideation Sheet 
 
 
Concept title:  Initials 
1 
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Appendix E: Requirement Elicitation Sheet 
Use the categories provided in the table below to guide the requirements elicitation. Note 
that the requirements you elicit do not necessarily have to fit in the given category. Use 
the categories only as a guideline. There is no limit to the number of requirements that 
you can elicit.  
 
Categories 
Geometry Material Production Operation 
Kinematics Signals Quality control Maintenance 
Forces Safety Assembly Recycling 
Energy Ergonomics Transport Cost 
 
List your requirements in the box provided below, limiting to only one requirement per 
box: 
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Appendix F: Guidelines for Identifying Means 
Code 
Requirements (Embedded in 
problem statement or given to 
students) 
Guidelines for identifying means 
P1 
The device must allow the 
disabled in wheel chair to 
experience the joy of picking 
peaches from the tree. 
The solution must have indication of 
allowing user to pick the fruit from 
tree. For example a ramp that allows 
user to touch fruit 
P2 
The device must allow the 
disabled in wheel chair to collect 
peaches in basket while still in 
the wheel chair 
The solution must indicate that the 
user does not require getting out of 
the chair in order to pick the fruit. For 
example extendable arms that allow 
to pick fruit, 
P3 
The device must be manually 
operated. 
The solution must have indication of 
use by hand such as lever or gear 
system, must not have automation 
P4 
The device must prevent damage 
to the fruit while picking it. 
The solution must not have sharp 
edges or grips that could damage the 
fruit.  
P5 
The fruit should not fall on the 
ground while picking 
The solution must indicate a means 
that prevents the fruit from falling to 
the ground. This could some sort or 
guard or basket that prevents the 
fruit from falling 
G1 
The device must be able to reach 
heights in the range of 8-10 feet 
while used by a person in wheel 
chair 
The solution must have a means that 
allows it to extend in the range of 8-
10 feet such as extendable pole or 
scissor mechanism.  
G2 
The device must allow the user to 
pick multiple fruits at a time 
The solution must indicate means to 
allow to pick multiple fruits . For 
example, shears allow to cut multiple 
fruits at a time 
G3 
The device must be able to grasp 
the fruit. 
The solution must indicate means to 
grasp the fruit such as grips or jaws.  
G4 
The device must be able to hold 
the fruit until the fruit is put in 
the basket 
The solution must indicate a means 
for holding the fruit from the time 
that it is picked till put in the basket. 
For example a small basket attached 
with cutter or a funnel device that 
transports fruit to the basket 
G5 
The device must provide an 
indication to the user when the 
fruit has been picked 
The design must have some kind of 
visual signal or auditory signal or 
weight sensor that indicates fruit has 
been picked 
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G6 
The forces required to operate 
the device must be within the 
upper body  strength of a person 
in wheel chair 
Indication that the user does not need 
a lot of effort to operate the design. 
For example use of mechanisms such 
as lever, push buttons  
G7 The device must be safe to use 
No sharp edges, no heavy elements, 
no overhang 
G8 
When not in use, the device 
should fit in 4 feet by 3 feet 
storage space 
Mention of the size on the solution 
sheet, or mention a scale which 
represents the storage size 
G9 
The device must not be made of 
corrosive materials 
Mention the material used for 
building the design 
G10 
The device must not cost more 
than $50 
Indication such as very simple design, 
actual cost written on the design 
   
Code 
Unique ALL requirements 
(elicited by students) 
Guidelines for identifying means 
1 
The design should be easy to 
assemble (ease of assembly) 
The design must have less than 20 
parts, features such as snap fit. The 
design is not easy to assemble if it has 
screws, nuts, bolts, special assembly 
requirements 
2 
Device should require minimal 
assembly 
The design must have less than 20 
parts 
3 
The design should be easy to 
disassemble 
The design must have  less than 20 
parts, features such as snap fit. The 
design is not easy to disassemble if it 
has screws, nuts, bolts, special 
assembly requirements 
4 
(The device) must not need 
assembly of parts 
Indication that no assembly is 
required, one part design, design 
comes as add-on  wheel chair and 
does not require assembly 
5 
(The device) must be quick to 
assemble 
The design must have less than 20 
parts. The assembling process is 
simple and quick, for example if the 
design has many screws or bolts, it 
will take longer to assemble 
6 
(The device) must be assembled 
alone 
The design must not have heavy 
parts, or require special tools to 
assemble 
7 
Assembly-There should be 
minimal parts to ensure ease of 
storage 
Indication such as less than 20 parts, 
compact design. The storage size is 
mentioned on the solution sheet 
8 
Device must not have more than 
4 components to be assembled 
Solution must have less than 4 parts 
to assemble 
 207 
9 
Time to assemble the device must 
be less than 5 minutes 
Assembly time written on the 
solution sheet 
10 
(The device) must cost less than $ 
50 
Indication such as very simple design,  
actual cost written on the design 
11 
(The device) must be affordable 
to a typical user 
Cost of the design is written on the 
solution sheet 
12 
Ergonomics -The design should 
be painless 
No pain causing elements such as 
heavy effort required to operate the 
design, uncomfortable posture to 
operate the design, no sharp edges 
13 
Ergonomics-The design should 
require minimal amount of 
energy for crippled people 
Indication of minimal effort for user 
such as small lever, trigger, string 
pull, push button 
14 
(The controls must) not need 
good dexterity 
Design must be operable by either 
left or right hand, should not require 
any special skills, design must 
indicate simple operation 
15 
(The device must be ) operable by 
most ages <55 
Indication of minimal effort for user 
such as small lever, trigger, string 
pull, push button 
16 
User must be able to operate 
device alone (easy) 
The design must have simple 
operation, operable through a lever, 
trigger.  For example if the device 
requires multiple operation to be 
performed simultaneously then the 
user cannot operate the device alone 
17 User cannot leave wheel chair 
The solution must indicate that the 
user does not require to get out of the 
chair in order to pick the fruit. For 
example extendable arms that allow 
to pick fruit, 
18 
Device cannot require strenuous 
activity 
Indication of minimal effort for user 
such as small lever, trigger, string 
pull, push button 
19 
The device must bring joy to the 
user when operated 
The solution must have indication of 
allowing user to pick the fruit from 
tree. For example a ramp that allows 
user to touch fruit.  
20 
Ergonomics-(The device must be) 
easy to use 
simple operation such as trigger, 
lever arm, pull string, no special skills 
necessary to operate the device 
21 
(The device) must be operable by 
a person without technical 
knowledge 
The design must not require any 
special skills to operate. Indication of 
simple operation such as a trigger, 
push button  
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22 
Ergonomics-The use of the wheel 
chair should be easy to handle 
The design must not interfere with 
the operation of wheel chair. For 
example if the design is too heavy 
such as crane it will restrict the 
motion of the wheel chair. If the 
design requires user to use both 
hands to operate it, he may not be 
able to move the wheel chair 
23 The device should be ergonomical 
Indication that the design is 
comfortable to use, no strenuous 
activity for user. For example the 
grips on the lever must be 
ergonomical 
24 
Mobility (of user) should not be 
lower than prior to installation of 
device 
Indication that the design is not 
interfering with the normal operation 
of the wheel chair, could be installed 
on the wheel chair. Indication that the 
design is not too heavy making it 
difficult to move, should not cause 
tipping or falling of the user or wheel 
chair 
25 
Ergonomics -(the device must 
require) limited small finger 
movement 
Indication that the device is operable 
using small finger movements such as 
pushing a button or pulling a lever, 
string 
26 
Ergonomics-(the device must 
require) limited wrist rotation 
The mechanism to operate device is 
compact. Operation limited to wrist 
movement such as pushing a button, 
pulling a string 
27 
(The user must be able) to 
operate with one hand 
The operating mechanism should 
function with one hand. Examples are 
press button, trigger or lever 
28 
Grip on device should be 
ergonomic 
Grips should be comfortable to hold, 
must not have sharp edges or 
uncomfortable contours 
29 
Grip on device should not induce 
stress during 2 hours of use 
Grip should not require strenuous 
movements of user, simple operation 
30 
Grip on device should not induce 
pain during 2 hours of use 
Grip should not have pain causing 
elements such as sharp edges, 
uncomfortable contours or heavy 
effort. 
31 
Equipment should be quiet when 
in use 
Must indicate absence of noise 
causing elements such as mating 
parts, electric motors 
32 
(The device) must not exceed a 
weight of 10 lbs. without fruit 
Weight mentioned on the design. The 
design must not have any heavy parts 
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33 
(Device's) force must be sufficient 
to remove fruit 
The design must have mechanism 
that provides sufficient force to pick 
the fruit from the tree. For example, 
shears, jaws to pull the fruit etc. 
34 
(Device) must (allow for) use of 
upper body strength 
Indication that the user does not need 
a lot of effort to operate the design. 
For example use of mechanisms such 
as lever, push buttons  
35 
(the device must be) strong 
enough  
The design indicates material used is 
strong.  
36 
(the device must be)  support 
itself 
The design must be able to support 
itself. For example if telescopic design 
is used, the cross section must be 
large enough to support weight of the 
design 
37 
(The device must be)  support up 
to 5 peaches at any angle 
The design must have mechanism 
that allows picking fruit from various 
direction. For example a revolute 
joint or robotic arm 
38 (The device) must be light 
Indication of use of light weight 
material, compact design, less parts 
39 
Low strength required (for the 
device) to operate 
Indication that the user does not need 
a lot of effort to operate the design. 
For example use of mechanisms such 
as lever, push buttons  
40 
Most of the weight should be near 
the person’s body if possible 
Most parts of the design are located 
near the user 
41 
Forces required to pick and 
gather fruit should be within 
acceptable range X-Y 
The design has mechanism that 
requires less force to operate.  
Examples such as scissor mechanism, 
lever etc. 
42 
Force to operate (the device) 
should be acceptable for all size 
humans 
Indication that the user does not need 
a lot of effort to operate the design. 
For example use of mechanisms such 
as lever, push buttons  
43 
(Device must have) range of 8-10 
feet 
Range of the device must be indicated 
on the design.  
44 
(The device) must store in 4 X 3 
space (4 ft X 3ft, storage) 
Indication such as folding design, 
storage size written on the design 
45 
(The device) must be collapsible 
to fit in designated space  
Features such as telescopic design, 
retractable design, storage size 
indicated on design 
46 
(The device must be ) mountable 
to wheel chair 
Indications that the design is 
mounted on wheel chair. For example 
the design is mounted using bolts or 
snap fits 
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47 
(The device) must be large 
enough 
The solution must have storage for 
multiple peaches. For example cup or 
attached basket that is large enough 
to hold multiple fruits after picking 
48 
The design should be adjustable 
(8-10 ft. to 4X3 ft. storage) 
Features such as telescopic design, 
retractable design, storage size 
indicated on design 
49 
(The device) must accommodate 
2" to 4" OD spherical objects 
Size indicated on the mechanism for 
holding or storing the fruit. Relative 
sizes can be used as indication if the 
design is drawn to scale 
50 
(The device) must fold to less 
than 4 X 3 when not in use 
Features such as telescopic design, 
retractable design, storage size 
indicated on design 
51 
(The device must have)  overall 
length of 5 to 7 feet 
Size must be indicated on the design. 
Relative size can be used as an 
indication if the design is drawn to 
scale 
52 
Geometry-IS the device 
compact?(The device must be 
compact 
The design must consist of small 
parts, overall design must be 
compact.  
53 
The geometry should benefit 
other requirements i.e. Forces, 
kinematics, energy 
The design must have geometric 
features that reduce the force 
required to operate design. For 
example, lever mechanism, scissor 
mechanism 
54 
Geometry-(The device must 
accommodate) varying peach 
shapes 
The design feature to hold the 
peaches large enough to 
accommodate various peach size. For 
example large cup or basket 
55 
Kinematics-(The device must 
accommodate) varying sizes for 
different arm length 
The design must have some 
mechanism that accommodates 
different arm length. For example 
operating mechanism includes lever, 
scissor mechanism or pole that can 
extend to accommodate different arm 
length 
56 
Kinematics-(The device must 
accommodate) varying sizes for 
different peach height 
The design must allow the user to 
pick peaches from various height 
ranges. For example telescopic design  
57 
The device must not hinder 
maintenance by disabled person 
Indication the design will need 
minimal maintenance -few moving 
parts, simple design. The design 
should not require complex 
disassembly for maintenance 
purpose. Frequency of maintenance 
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indicated on the design 
58 
(The device) must last at least 3 
years 
Life of the design must be mentioned 
on the sheet 
59 
(The device) must be storable on 
wheel chair 
The design must be compact to fit on 
wheel chair. The design could also be 
mounted on wheel chair or could be 
folded to fit the storage on wheel 
chair 
60 
Maintenance-The device should 
have little maintenance 
Indication the design will need 
minimal maintenance -few moving  
parts, simple design. Frequency of 
maintenance indicated on the design 
61 
Maintenance-The device should 
have a life time of at least 100 
fruits picking 
The life time of the design is 
mentioned on the sheet 
62 (The device must have) durability 
Durability of the design should be 
mentioned. The design is made of 
material that is durable 
63 
(The device) must be 
maintainable using simple hand 
tools 
Indication that maintenance will not 
require the use of complex tools. For 
example if cleaning the design 
requires disassembly, then using 
standard fasteners in the design will 
require a screw driver for 
disassembly 
64 
Material-(for the device must be) 
reflective 
Material used for the design must be 
mentioned and must be reflective 
such as metal, glass 
65 
Material-(for the device must be) 
corrosion resistant 
Material used for the design must be 
mentioned and must be corrosion 
resistant such as plastic, rubber, 
ceramic etc 
66 Material should be strong 
Material used for the design must be 
mentioned and must be strong 
67 
(The device) must pick at least 2 
fruits 
The design must have feature that 
allows to hold at least two fruits at a 
time after picking. For example cup, 
mesh guard, basket 
68 
(The device must have) all 
motion caused manually  
The design must not have any 
automation, this is indicated by 
absence of buttons or 
electrical/electronic components 
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69 
(The device) must be usable 
while person is in comfortable 
position in the wheel chair 
The operation of the design must be 
simple such as pushing a button or 
operating lever. It must not require 
the user to get out of the wheel chair 
70 
Three full-sized peaches (must) 
fit inside (the device)(hold fruit) 
The mechanism to hold the fruit must 
be large enough to fit three peaches -
large cup or basket, size of the 
mechanism may be mentioned on the 
solution sheet 
71 
(The device) must be easy to 
operate 
simple operation such as trigger, 
lever arm, pull string, no special skills 
necessary to operate the device 
72 
(The device) must be easy to 
move to targeted peach 
The design must be easy to maneuver 
from peach to peach on the tree. For 
example revolute joints that allow 
movement in multiple directions, 
telescopic design 
73 
(The device) must bring peach 
down to basket after picking 
The design must have mechanism to 
hold the peach after it is picked and 
bring it to the basket. For example 
retractable design that folds to bring 
peach to basket 
74 
Operation-The design should 
have simple operation 
The operation of the design must be 
simple such as pushing a button or 
operating lever. It must not require 
the user to get out of the wheel chair 
75 
(The device) must store fruits 
that have been picked 
The design must have mechanism to 
store the fruit after picking. For 
example cup, mesh guard, basket 
76 
(The device) must be able to 
function with handicapped 
person 
The design must be operable while 
sitting in wheel chair and must not 
require the user to get off the chair. 
77 
(The device must be) compatible 
with wheel chair 
The design features must not hinder 
or interfere with the operation of 
wheel chair. For example if the design 
has overhangs, it may cause the 
wheel chair to tip off 
78 
(The device) must have the ability 
to expand from wheel chair user's 
hand 8 ft. from ground 
The design must have mechanism 
that expands. For example telescopic 
design, scissor mechanism, folding 
design 
79 
The device should not obstruct 
normal wheel chair functions 
The design should not interfere with 
other parts of wheel chair. For 
example if the design has overhang it 
may cause the wheel chair to tip over. 
If the design is too heavy such as a 
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crane, it may prevent the user to 
move the wheel chair. 
80 
The device should not obstruct 
normal wheel chair operations 
The design must allow user to 
operate the wheel chair normally. For 
example if the design has overhang it 
may cause the wheel chair to tip over. 
If the design is too heavy such as a 
crane, it may prevent the user to 
move the wheel chair. 
81 
Ergonomics-(The device) should 
be able to be used for more than 
just peaches 
The mechanisms use to pick and hold 
the fruit should be compatible with 
other fruits. For example a  cup of 
fixed size may not be used for variety 
of fruits but flexible jaws as a holding 
feature can be used for variety of 
fruits 
82 
Ergonomics-(The device should) 
include all fruits that grow on 
trees, with few exceptions 
The mechanisms use to pick and hold 
the fruit should be compatible with 
other fruits. For example if cup as a 
holding feature can be used for 
variety of fruits similar in size to a 
peach 
83 
It (the device) should be able to 
be used comfortably for 30 
minutes to an hour 
The operating mechanism must not 
the user to input heavy effort.  The 
mechanism may require small hand 
movements and no strenuous 
activities. For example if the lever 
operation requires the use to raise 
their hands, the user can get tired in 
less than 30 minutes. While if the 
operation only requires the user to 
pull a trigger, then he may be able to 
operate the device for longer 
duration 
84 
(The device) must be able to 
obtain peach in reasonable 
amount of time 
The design must not involve complex 
movements to get peach from the 
tree. The operation must be fairly 
simple such as pulling levers or 
operating triggers to get the fruit 
85 
(The device) must be movable 
from tree to tree 
The design must be compact and light 
weight so that it can be moved from 
tree to tree. Features such as wheels 
on the design indicate that the design 
is mobile. Also if the design is 
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mounted on wheel chair , it can be 
moved with the wheel chair 
86 
(The device) must operate 
throughout harvest season 
The duration for which the design can 
be operated must be mentioned on 
the sheet 
87 
The user can still maneuver in 
their chair 
The design must not interfere with 
the user operating the chair. For 
example if the design requires user to 
use both hands, he may not be able to 
maneuver the chair 
88 
(The user) must be able to 
remove peach after picking 
The design must have features that 
allow the user to remove the fruit 
after picking. For example, if the 
picked fruit is collected in a mesh 
guard, the user can remove the fruit 
to put the fruit in the basket 
89 
Operation -(The operation of the 
device must be) easy to learn 
The design must have simple 
operating mechanism. For example if 
the user requires to perform more 
than five activities to pick the fruit, 
then the operation could be difficult 
to learn and fairly complex 
90 
(The device must be) built for 
summer conditions -high heat 
The design must indicate the material 
it is made of. The material must be 
able to with stand high heat 
91 
(The device must be) built for 
summer conditions-humid 
The design must indicate the material 
it is made of. The material must be 
able to with stand humid weather 
conditions 
92 
(The device) must not change 
overall functionality of wheel 
chair 
The design must allow the user to 
operate the wheel chair normally. If 
the design is too heavy, it may restrict 
the motion of the wheel chair. 
Relative scale may be used to gage 
the size of design if it is drawn to 
scale.  
93 
(The device must) use 
commercially available mounting 
The type of mountings used must be 
mentioned on the solution sheet.  
94 
(The device must) use 
commercially available actuating 
hardware 
The type of actuating hardware must 
be mentioned on the solution sheet 
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95 
(The device must) have a design 
suitable for ease of 
manufacturability 
The parts of design must not have 
complex features that cannot be 
manufactured using available 
processes. For example if the design 
has complex contours, it might be 
difficult to manufacture.  
96 
(The device must) have a design 
suitable for ease of mass 
production 
The design must have use of standard 
parts for ease of mass production. For 
example indication of standard size 
nuts, bolts, screws, gears etc. 
97 
Production-(The device must be 
produced in ) mass quantity or 
specialized based on market size 
Production quantity must be 
mentioned on the design 
98 
Fruits must pass quality control 
inspection for bruising 
The mechanism must have fruit 
protecting elements such as mesh 
guards or cups that would prevent 
the damage to fruit from the point it 
is picked till the time it is placed in 
the basket 
99 
Fruits must pass quality control 
inspection for other marks 
The mechanism must have fruit 
protecting elements such as mesh 
guards or cups that would prevent 
the damage to fruit from the point it 
is picked till the time it is placed in 
the basket 
100 
(The device) must not cause any 
damage to the peaches 
The mechanism to pick and hold fruit 
should not damage the fruit. The 
mechanism must not have sharp 
edges or collapsible elements that can 
crush fruit and make it inedible. The 
mechanism should not let the fruit 
fall on ground 
101 
The design should not allow the 
fruit to fall to ground 
The design must have means to hold 
the fruit after it is picked till the time 
that it is placed in the basket and 
thereby prevent the fruit from 
touching the ground. This could be a 
cup or funnel that puts the picked 
fruit in the basket. Other examples 
also include mesh guards, basket 
attached with picker 
102 
(The device) must not cause harm 
to person (Safety) 
The design must not have elements 
that could harm the user, for example 
sharp edges, electrical components 
that could cause shock. The center of 
gravity (CG) of the design should be 
balanced so that it does not cause the 
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design and/or the user to tip over 
103 The design should be safe 
The design must not have elements 
that could harm the user, for example 
sharp edges, electrical components 
that could cause shock. The design 
should not harm the tree or the fruit 
104 Device should not damage tree 
The design must not have features 
that could cut or damage the tree. For 
example sharp edges 
105 
(The device must) present no 
pinch points to the user 
The design must have indication of 
protection against pinch points. 
Features such as safety guards could 
be used to prevent potential pinch 
points 
106 
(The device) cannot allow wheel 
chair to tip during operation 
The design must not have over hangs 
or other features that can cause 
imbalance or tipping over while 
operating. The center of gravity of the 
design should not cause imbalance 
after picking the fruit 
107 
Safety-The device should not 
have potential to interfere  with 
health issues (such as electric 
charge that could disrupt 
pacemaker) 
The design must not have electrical 
components such as motors or 
control circuits.  
108 
(The device must have) no sharp 
edges etc.  
The design must not have any sharp 
edges 
109 Fruit cannot touch ground 
The design must have means to hold 
the fruit after it is picked till the time 
that it is placed in the basket and 
thereby prevent the fruit from 
touching the ground. This could be a 
cup or funnel that puts the picked 
fruit in the basket. Other examples 
also include mesh guards, basket 
attached with picker 
110 Device cannot damage limbs 
The design must not have sharp 
edges that could damage the limbs 
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111 
(The device) must not "cut" any 
other part of tree (for safety 
reasons) 
The design must not have sharp parts 
or edges that could damage the tree. 
For example if the design has shears 
for cutting the peach then there is 
possibility of damage to the tree itself 
112 
(The device) must not "remove" 
any other part of tree (for safety 
reasons) 
The design must not have sharp parts 
or edges that could damage the tree. 
For example if the design has shears 
for cutting the peach then there is 
possibility of damage to the tree itself 
113 
Stability of device under 
operation 
The design must not have over hangs 
or other features that can cause 
imbalance or tipping over while 
operating. The CG of the design 
should not cause imbalance after 
picking the fruit 
114 Stability of user under operation 
The design must not have over hangs 
or other features that can cause 
imbalance of the user while 
operating. The CG of the design 
should not cause imbalance after 
picking the fruit 
115 Failsafe mechanism 
The design must have fail safe 
mechanism. 
116 
(The device must have) back-ups 
to prevent peach drop 
The design must have guards to 
prevent peach drop. For example 
mesh or cup that would prevent 
peach from falling down 
117 
(The device must have) shields to 
prevent peach drop 
The design must have guards to 
prevent peach drop. For example 
mesh or cup that would prevent 
peach from falling down 
118 
Transport-(The device) must not 
drop peaches on the ground 
The mechanism to pick and hold fruit 
should not damage the fruit. The 
mechanism must not have sharp 
edges or collapsible elements that can 
crush fruit and make it inedible. The 
mechanism should not let the fruit 
fall on ground 
119 (Fruit cannot be) inedible 
The mechanism to pick and hold fruit 
should not damage the fruit. The 
mechanism must not have sharp 
edges or collapsible elements that can 
crush fruit and make it inedible. The 
mechanism should not let the fruit 
fall on ground 
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120 (Fruit cannot be)bruised 
The mechanism to pick and hold fruit 
should not damage the fruit. The 
mechanism must not have sharp 
edges or collapsible elements that can 
crush fruit and make it inedible. The 
mechanism should not let the fruit 
fall on ground 
121 
(Fruit cannot be in) multiple 
pieces 
The mechanism to pick and hold fruit 
should not damage the fruit. The 
mechanism must not have sharp 
edges or collapsible elements that can 
crush fruit and make it inedible. The 
mechanism should not let the fruit 
fall on ground 
122 
(The device must have) simple 
controls 
simple control mechanisms such as 
trigger, lever arm, pull string 
123 
(The device) must be easily 
transportable 
The design is not too heavy, small 
components, foldable design that fits 
in small place, can move with wheel 
chair 
 
